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Korean Genome Analysis 
 
Abstract 
A personal genome can now be analyzed very efficiently at a low cost by using high-throughput whole-
genome sequencing technologies, along with fast and accurate computing methods such as machine 
learning. Very large-scale population genomics studies that extensively investigate the whole ethnic 
groups are now plausible. Ethnic genome data are crucial resources for mapping population-specific 
genomic patterns and identifying diseases- and phenotypes-associated variants for use in healthcare. 
Genomics data can also provide insight into the population histories of both ancient and modern ethnic 
groups. Although there have been several Korean personal and populational genomic studies in the past 
20 years, very large-scale Korean population genomic data with matched phenotypes have not been 
made available. Further, the study of the origin and composition of the Korean population based on 
whole-genome study and multiomics data, have not been thoroughly studied. In this Ph.D. dissertation, 
I present my analysis of Korean genomes. In the first chapter, I present a variome set from the first 
phase of Genome Korea (Korea1K, 1094 Korean genomes) which is a subproject of the Korean Genome 
Project (KGP) and its usefulness. The Korea1K variome analysis showed that the Korean population is 
genetically highly homogenous compared to other East Asians. The Korea1K variome and its matched 
clinical traits data illustrated the significant advantage of using whole-genome sequences for genome-
wide association studies, by identifying nine more significant candidate alleles than previously reported. 
As a reference variome panel for the population genomics, the Korea1K panel showed better imputation 
accuracy for Koreans than the commonly used 1,000 genome project panel (1KGP) of the United 
Kingdom. In the second chapter, I describe my investigation into the origin and genomic composition 
of the Korean population using 88 Korean whole-genome data accompanied by 208 worldwide and 115 
ancient genomes from the various eras and spatial spectrums. This extensive comparative analysis 
suggested that the current genomic composition of Koreans may have been established through rapid 
admixture events between ancient southern Chinese associated with Bronze-Iron age Southeast Asians 
and existing Northern Asians around and inside of the Korean peninsula. I also speculated that the 
admixing trend initially occurred mainly outside the Korean peninsula, followed by continuous spread 
and localization within the Korean peninsula, which is consistent with the general admixture trend of 
East Asians in the Bronze and Iron ages that occurred about 4,500 years ago. The genomics composition 
of more than 70% of modern Koreans' is thought to be derived from the recent population expansion 
and admixture events from the South. In the third chapter, I introduce the first systematically produced 
Korean Genome Project portal and its open API system, which allows the variant frequencies and 
association results of Korea1K to be efficiently accessible. In conclusion, I present a large-scale Korean 
genome analysis, thereby showing the usefulness of constructing the population variome set. The 
Korean variome analysis, in combination with worldwide modern and ancient genomic resources, can 
also be used to explain the origin of Koreans. 
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This dissertation is the results of my five-and-a-half years of a graduate course at the Department of 
Biomedical Engineering (BME), Ulsan National Institute of Science and Technology (UNIST) and 
Korean Genomics Center (KOGIC), UNIST, supervised by Professor Jong Bhak.  
The main work in this dissertation is mainly based on the Ulsan 10,000 genome project (Korea10K), 
which aimed to sequence more than 10,000 Korean whole-genomes for future use as biomedical 
resources, as a part of the Genome Korea in Ulsan project and the Korean Genome Project (KGP). 
Participation in this project was voluntary. The participants of this project donated their blood and 
clinical information, and submitted a lifestyle survey result. As a welfare reward, we provided them 
with personal genome research reports that were obtained by analyzing their genomes as a welfare 
reward. My lab, KOGIC, has completed sequencing of 10,000 Korean whole-genomes in April 2021. 
Since Ulsan city is my hometown and the place from where I completed my entire education, it was a 
great honor for me to be involved in the Genome Korea in Ulsan project as a researcher and a citizen 
of Ulsan. 
The first chapter describes my analyses on 1,094 Korean whole-genomes (Korea1K), performed in 
collaboration with KOGIC, Genome Research Foundation, and Clinomics members. Of the whole 
genomes, 1,007 samples were studied for the first two years (2016-2017) of the project. By developing 
an efficient variant-calling pipeline for the large-scale population genome data, I was able to generate 
the Korea1K variome. I also developed the Korean Genome Project Portal (KGPP) to share the 
Korea1K variome data efficiently via a web portal system; this is introduced in the third chapter. I 
believe that this kind of very large-scale Korean population genome data should be shared as openly 
and freely as possible to facilitate future genomic and clinical studies among Koreans and other 
populations with minimal regulation. 
Another topic presented in this dissertation is an analysis of the Korean origin in the population using 
whole-genome resources. In 2017, my collaborators and I published the first Neolithic East Asian 
genome data (Devil’s Gate Cave), which presented our findings related to the recent dual origin of the 
Korean population and the continuous genomic composition of East Asians. However, we did not have 
ancient Southeast Asian genomes at the time of publication, as a result of which we were unable to 
investigate Korean origin properly. Fortunately, due to advancing ancient genome sequencing 
technology, many ancient Southeast Asian genomes were published in 2018. Using the now available 
data on ancient genomes near the Korean peninsula and hundreds of modern human genomes, my 
colleagues and I were able to construct a much more detailed model of Korean origin. Our model 
showed conclusively that the Korean ethnic group has been formed almost entirely from the South in 
tens of thousands of years and through admixture with surrounding ethnic groups, with the most 
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significant events of this group formation occurring during the Bronze-Iron age explosions. I believe 
that this work has an important social and national significance as it may lead to a more scientific 
understanding of East Asians, especially the Chinese, Japanese, and Koreans, who are extremely close 
to each other ethnically. My work may also help lay the foundation for better understanding of each 
other among these population in the future, thereby leading to more peaceful and cooperative 
interactions among the major East Asian populations. The second chapter of this dissertation presents 
my investigation into the construction of the model of Korean origin. 
The appendix consists of a list of abstracts of the research papers in which I am one of the authors. This 
dissertation somehow covers these papers in parts or as a whole. 
 




A genome is defined as the entire genetic material and information of an organism, a population, and/or 
a species. In Homo sapiens, the genome consists of the protein coding and the non-coding regions of 
chromosomes. A genomic sequence is a series of nucleotides or bases (A, C, G, and T for DNA) in a 
specific order that presents complete genomic information relayed as a specific order of bases. The 
human genome contains over three billion bases (3 Gb) and more than 20,000 protein-coding genes1. 
The genome can be sequenced using genome sequencing techniques, such as Sanger sequencing, 
shotgun short read sequencing, next-generation sequencing (NGS), and next-next generation 
sequencing techniques such as nanopore sequencing. 
Next-generation sequencing produces a massive number of short and long sequence reads. A sequenced 
individual genome is usually analyzed using two different approaches, depending on whether a 
reference genome is available. If the reference genome is not available, de novo reference genome 
assembly must be performed. The reads can be overlapped and extended to contigs through sequence 
assembly. Using other sequencing technologies like Hi-C, long-read sequencing, and 10X chromium, 
the contigs can be extended to scaffolds or even whole chromosomes2. The constructed reference 
genome represents the genomic structure of the organism or individuals and can be compared with that 
of organisms from the same species or close-distance species or long-distance species3-5. Comparative 
genomics presents genomic and evolutionary differences between individuals or organisms that can be 
used to understand the biological features of the genomes of organisms, which will thus facilitate the 
development of target biological molecules (biomarkers)3. 
On the other hand, if the reference genome is available, the sequencing reads can be mapped to the 
reference, and individual variants can be discovered by contrasting the sequencing reads against the 
reference. A set of the found variants from individuals can be defined as “Variome,” and the variome 
can be used to investigate diseases or phenotypes-associated variants using known genomic markers, 
or to examine the ancestry history of the sample’s population6-8. 
The history of a single human or a specific population can also be investigated by analyzing the variome. 
For example, the large-scale variome constructed in the 1000 genome project from 2,540 individuals 
across 29 worldwide populations has been used to impute genotypes as a reference panel, to find 
evolutionarily selected variants9. The Genome Aggregation Database(gnomAD), which contains a 
much larger set of variome constructed from 141,456 samples across multiple populations, was recently 
published and is freely available10. The gnomAD variome has been used to annotate frequencies of 
target genomic variants and to investigate population genomic selection pressures. 
 4 
Another application of the mapping approach is in an analysis of ancient genomes. DNA samples from 
ancient specimens can be sequenced using developed ancient DNA sequencing library preparation 
technology. It could be possible to identify genome-wide genotypes in ancient genomes11, which, in 
turn, enables researchers to investigate human migration, history, and specific regional migration and 
admixture patterns. Ancient genome analysis can also provide the signatures of positive selection of 
extinct species12. 
Korean genome studies 
The Korean population is distributed worldwide (majorly in the Korean peninsula) and comprises 
around 100 million people. It is largely a very homogeneous population, with a few large-scale 
admixture events having occurred in the past, thus necessitating the genomics study of this population 
necessary. In 2008, the first Korean whole-genome sequence (SJK) was published13. The sequencing 
reads of SJK were mapped to the human reference, and its genotypes were identified. The subsequent 
comparison of SJK with four published human genomes and showed 3,782,072 differences (variants) 
between SJK and the human reference. The first Korean de novo reference genome was assembled using 
various types of genome sequencing libraries14. Cho et al. used short-read and mate-pair sequencing 
data from eight different DNA libraries and constructed primary contigs. The contigs were further 
assembled into scaffolds (KOREF_S) with optical mapping information, thereby generating a 
chromosome-level of de novo reference genome assembly. In particular, they aligned 40 Korean whole-
genome sequencing data from the KoVariome database to KOREF_S and substituted the alleles of 
KOREF_S with the major allele of the Korean population (KOREF_C). They suggested that KOREF_S 
and KOREF_C might be useful in improving the alignment of East-Asian personal genomes for 
efficient variant-calling and large-scale population genome analysis. 
The KoVariome database, presented in 2018, comprises an analysis of 50 Korean whole-genome 
sequences from the Korean Personal Genome Project (KPGP)15. Although the KPGP was the biggest 
large-scale of the Korean population genomic analysis at the time of its publication, it could not cover 
the variants with allele frequency less than 1% due to the small sample size. Further, the project did not 
include matched clinical information for association tests. Another study presented the KOVA database 
developed from 1,055 Koreans16. The authors investigated the characteristics of small variants and copy 
number variants (CNVs) in the Korean population. However, since their database was based on exome-
sequencing that cannot cover the entire human genome, it is unable to fully elucidate variant profiles 
across the whole genome. With respect to the ancient Korean genome, Veronika et al. presented the first 
Neolithic East Asian genome, called Devil’s Gate, which showed high genomic continuity between 
ancient and modern Koreans11. However, due to the lack of availability of ancient genome from 
Southeast Asia, this study could not thoroughly investigate the origin of Koreans, which is critical to 
model the origin of the Koreans and East Asians. 
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Although previous Korean genomics studies have tried to provide the genomic characteristics of 
Koreans, none have been large-scale (>1,000) Korean population genomic studies, and no study has 
investigated the origin of the Korean population. In this Ph.D. dissertation, I outline my research on the 
Korean genome analysis. In chapter 1, I present a large-scale Korean population genomic study, 
Korea1K. Korea1K showed Korean-specific variome patterns using 1,094 whole-genomes and 
investigated the genomic utility of the large-scale Korean variome set. In chapter 2, I present my 
analysis of the origin of the Korean population, conducted using ancient and modern human genomes, 
including 88 Korean whole-genomes. The results of this analysis indicated a complex admixture model 
of the Korean population derived from a recent population expansion and global and local admixture 
from the South to East Asia. In the chapter 3, as an application of Korea1K, I introduce the Korean 
Genome Project portal and its open application programming interface (API) system which provides 













This doctoral dissertation is an addition based on the following papers that the author has already 
published. 
Sungwon Jeon, et al. Korean Genome Project: 1094 Korean personal genomes with clinical 
information. Science advances 6.22 (2020) 
Jungeun Kim, Sungwon Jeon, et al. "The origin and composition of Korean ethnicity analyzed by 
ancient and present-day genome sequences." Genome biology and evolution 12.5 (2020): 553-565. 
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Ⅱ. Chapter 1. Korean population genome analysis 
2.1. Introduction 
The Korean population [estimated census population size close to 85 million (M)] has been thought to 
be highly homogeneous with few large-scale admixture events in the past11, 17-19. However, little formal 
scrutiny has been given to these claims. Several Korean whole genomes and exomes16, 20 have been 
reported since the first Korean genome data (SJK) were published in 200813, including the first Korean 
reference genome sequence (KOREF_S)14 and 40 unrelated individuals (KOREF_C) that formed the 
basis of KoVariome, the Korean genomic variation database15. Before the current study, at least 100 
whole genomes of Korean individuals were available worldwide20, 21. However, although a global 
whole-genome project (the multiethnicity 1000 genome project) that aims to characterize global human 
genetic diversity contains over 2,500 genomes, including Chinese and Japanese, it does not include 
Korean samples yet9. 
There has also been an effort to generate ethnicity-specific reference genome sequences, and several 
human variomes have been generated to expand the coverage of human genome diversity, including the 
UK10K22, the Genome of the Netherlands (GoNL) project23, and the pan-African genome24. In 2015, 
the consequences of strong founder effects were demonstrated in the Icelandic population by sequencing 
2,636 genomes25. In the Danish population study, 150 trios were used to de novo assemble a reference 
genome, and they provide detailed data on structural variations and many complex genomic regions, 
including the major histocompatibility complex and major regions of the Y chromosome26. In East Asia, 
the 1KJPN project yielded data on 1,070 Japanese genomes27, and another recent dataset identified 
selection signatures in the Japanese population from 2,234 Japanese whole-genome data28. In contrast, 
the original KoVariome database contained only 50 Korean whole-genome sequences without clinical 
information at the time of publication15, although its sample size has subsequently increased to >100 
genomes. Despite these large genome sequencing projects in numerous populations, little biochemical 
and clinical data and limited information regarding genotype-phenotype association for the participants 
have been collected to characterize the population’s health and disease states. 
In this chapter, I introduce the Korea1K dataset comprising 1,094 Korean whole genomes of which 
1,007 genomes were newly generated in combination with systematically acquired clinical and 
biochemical measurement information from the blood and urine of the participants. This Korea1K set 
represents the first-phase release of the Korean Genome Project (KGP). KGP is a joint project by the 
Personal Genome Project at Harvard Medical School, the National Center for Standard Reference Data 
of Korea, Clinomics Inc., and the Korean Genomics Center of Ulsan National Institute of Science and 
Technology (UNIST). These genomes have been sequenced to a high sequencing depth (~31× on 
average) using Illumina HiSeq X10, and I used these data to characterize single-nucleotide variants 
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(SNVs), indels, copy number variations (CNVs), transposable element (TE) insertion, and human 
leukocyte antigen (HLA) type in the Korean population and contrast the Korean data with similar data 
from other populations. The majority of the genomic data (984 samples) were from volunteers with 
clinical information on 79 quantitative traits that were measured at Ulsan University Hospital. To 
evaluate the practical utility of this large genomic dataset, I performed a genome-wide association study 
(GWAS) using the information of the 79 quantitative clinical traits. I also quantified the effectiveness 
of the dataset as a reference panel by analyzing 19 previously published Korean gastric cancer patient 
genomes29. 
2.2. Methods 
2.2.1. Sample collection and sequencing 
Informed consent was obtained from all individuals for their participation in the Korean Ulsan genome 
project, which comprises two subprojects. All clinical information was examined by the Ulsan 
University Hospital. In total, 696 samples were curated in the Ulsan University Hospital Biobank, from 
which samples were received thereafter. Further, 311 samples were collected by us. I downloaded data 
from 87 Korean samples from KoVariome15, which collected volunteers from all across South Korea. 
Sample collection and sequencing was approved by the Institutional Review Board (IRB) of the Ulsan 
National Institute of Science and Technology (UNISTIRB-15-19-A and UNISTIRB-16-13-C). 
Genomic DNA was isolated from human blood samples, using the DNeasy Blood & Tissue kit (Qiagen, 
Germany) in accordance with the manufacturer’s protocol. Genomic DNA from saliva samples was 
isolated using the GeneAll Exgene trademark clinic SV mini kit. Extracted DNA was quantified using 
the Quant-iT BR assay kit (Invitrogen). High–molecular weight genomic DNA was sheared using a 
Covaris S2 ultra sonicator system to obtain fragments of appropriate sizes. Libraries with short 350–
base pair (bp) inserts for paired-end reads were prepared using the TruSeq Nano DNA sample prep kit 
in accordance with the manufacturer’s protocol for Illumina-based sequencing. The products were 
quantified using the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA), and raw data were generated 
using an Illumina HiSeq X10 platform (Illumina). Clusters were generated using paired-end 2 × 150-
bp cycle sequencing reads via resequencing. Further image analysis and base calling were carried out 
using the Illumina real-time analysis program (https://sapac.illumina.com/informatics/sequencing-data-
analysis.html) with default parameters following the manufacturer’s instructions. The quality of the 
base in the read was checked by FastQC (ver. 0.11.5; 
www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
2.2.2. Variant calling 
Adapter contamination was trimmed using Cutadapt (ver. 1.9.1)30 with a forward adapter 
(′GATCGGAAGAGCACACGTCTGAACTCCAGTCAC′) and reverse adapter 
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(′GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT′) and with a minimum read length of 50 bp 
after trimming. Thereafter, trimmed reads were mapped to the hg38 reference, using BWA-MEM (ver. 
0.7.16a) with the “-M” option31. Mapped BAM files were sorted by coordination, using Picard (ver. 2. 
14. 0) with the Sortsam module. Duplicate reads were marked using Picard (ver. 2. 14. 0) with the 
MarkDuplicates module. The mapping quality was recalibrated using the BaseRecalibrator tool in the 
Genome Analysis Tool Kit (GATK) (ver. 3.7)32. gVCF files were generated by HaplotypeCaller in 
GATK32 with “-stand_call_conf 30-ERC GVCF” option. SNVs and indels were jointly genotyped from 
the gVCF files by GenotypeGVCFs in GATK32. The called variants were annotated using Variants 
Effect Predictor (VEP) ver. 9233, and the fraction was estimated under negative selection, using the 
script of Moon and Akey (https://github.com/moon-s/fraction-under-selection)34. For estimation of a 
fraction under selection pressure for each protein-coding gene, I selected genes that have more than 250 
alternative allele count sums, since the small number of allele count may not produce proper site 
frequency spectrums. The following annotated variants were assigned to LoF mutations: 
“Frame_Shift_Del”, “Frame_Shift_Ins”, “In_Frame_Del”, “In_Frame_Ins”, “Nonsense_Mutation”, 
“Nonstop_Mutation”, or “Splice_Site”.  
2.2.3. Calling of copy number variations 
Copy number variations (CNVs) were identified via CNVnator35 with default parameters and a 100-bp 
bin size from 1,094 samples. Thereafter, I excluded 23 samples in accordance with the following criteria: 
the total number of CNV exceeds one standard deviation (SD) from the average count of CNVs per 
sample (average CNV count: 525, SD of CNV count: 129). Reliable CNVnator calls were filtered in 
accordance with the following criteria: 
1) e-values (e-val1, e-val2, e-val3, and e-val4) are less than 10-5 
2) q0 <0.5 (q0 is the fraction of reads mapped with zero quality) 
3) Gap and centromere regions from UCSC hg38 data were filtered out. 
4) For deletion calls, only those with <0.75 of normalized read depth*(1+q0) were used. 
5) If the bases in the called region contained more than 90% of the “N,” the calls were filtered 
out. 
6) Segmental duplication regions from UCSC hg38 data were filtered out. 
After individual calling, the calls with >80% reciprocally overlapped regions from each individual were 
combined using the igraph package36 in R. The start and end positions of the representative calls were 
assigned to the average of the locations from the combined calls. I annotated the gene symbol of the 
CNV calls with Ensembl database37. I then checked the overlap between the call set and 1KGP phase 
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338. Only CNVs that showed more than 80% of the overlap with CNVs of 1KGP were used for further 
analysis. I additionally used Control-FREEC39 with a window size 100 bp and a breakpoint threshold 
0.6 to validate the common CNVs which contained protein-coding genes in Korea1K. I filtered out the 
common CNVs which have lower than 0.85 of the recovery rates of the CNV calls between the two 
callers. 
2.2.4. Calling of TE insertions 
TE insertions were identified in Korea1K samples using Mobile Element Locator Tool (MELT; ver. 
2.1.4)40, a tool to detect TE insertions in ALU, LINE1, and SVA elements using discordant read pairs to 
define potential TE sites and split reads to identify breakpoints and target site duplications38. I filtered 
out TE sites with <70% and >130% of average depth of 100bp flanking regions to control for variations 
at candidate TE sites. The allele frequency of TE insertions was calculated as the number of presented 
TE insertions normalized by the total number of alleles in the population41. I compared Korea1K TE 
insertions with 1KGP by the genomic position and TE types. Only TE insertions with frequencies of 
>5% and which overlapped with 1KGP call were used to PCA. Chi-square analysis was performed for 
each TE insertion and TE insertions with Q-values of <0.05 were determined to identify TE insertions 
differing significantly from those in the Korea1K dataset. 
2.2.5. HLA typing 
The HLA gene complex encodes MHC proteins responsible for antigen presentation. HLA typing was 
carried out using OptiType (ver. 1.3.1)42, which predicts information regarding HLA class 1 alleles from 
WGS data. Reads were mapped to HLA reference sequences in the OptiType program using BWA31 
(ver. 0.7.15) and all unmapped reads were filtered out using SAMtools (ver. 1.6)43. Thereafter, I run 
OptiType’s pipeline with default parameters. To compare frequencies from multiple populations, I 
downloaded an HLA allele frequency database from The Allele Frequency Net Database44. 
2.2.6. Batch effect removal 
Each sample was labeled in accordance with its sequencing library preparation protocol, sequencing 
company, and the date of sending blood samples or libraries to the company. Twelve technical batches 
were identified. The batch effect was assessed via PCA, using EIGENSOFT (ver. 6.1.4)45, using variants 
and samples in accordance with the following criteria: 
For variants: 
1) Biallelic SNVs with a MAF of ≥5%. 
2) P values of the Hardy-Weinberg Equilibrium (HWE) test >0.05. 
3) Genotype missing rate of <0.01. 
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Thereafter, filtered variants were pruned on the basis of linkage disequilibrium (LD), using PLINK46 
(ver. 1.9b) with “--indep-pairwise 200 4 0.1”, leaving 101,326 SNVs. For individual selection, closely 
related individuals identified on the basis of an identity by descent (IBD), estimated in PLINK46, were 
filtered. All pairs with an IBD value of >0.125 were extracted (corresponding to third-degree relatives) 
and clustered to a family group. Until no pairs of relatives remained, each family group was then 
reduced as follows: 
1) The sample with the highest number of pairs in the family group was eliminated. 
2) The sample with the highest missing calls among LD-pruned SNVs was eliminated if there 
are several samples with the same number of pairs in the family group. 
To identify variants exhibiting the batch effect, I used logistic regression models for all variants as 
follows: 
1) The variant was eliminated if it was a batch-specific variant compared to all other batches. 
2) Each batch was paired with another, resulting in all possible combinations. The variant was 
eliminated if it was significant in any of the combinations. 
In total, 6,348,049 variant positions were significantly associated with the technical batch (P ≤ 0.01) 
and eliminated from the original set. I used the quality by depth (QD) value in a joint VCF file for 
plotting variants’ quality distribution. 
2.2.7. PCA and ADMIXTURE with the 1KGP genome data 
The interpopulation genomic structure was evaluated by projecting the first two PCs determined via 
PCA of SNVs from Korea1K samples and 1KGP without closely related individuals. I selected and 
merged variants and from the Korea1K and 1KGP sets in accordance with the following criteria: 
1) Biallelic SNVs with a MAF of ≥5%. 
2) Biallelic SNVs with an HWE P >10-6. 
3) Biallelic SNVs with a missing genotype rate of <0.01. 
Extracted variants were LD pruned using “--indep 50 5 2” in PLINK46, yielding 153,633 sites. PCA was 
carried out using the EIGENSOFT program45. ADMIXTURE47 analysis was performed from K = 2 to K 
= 14 based on the same variants set as PCA. I plotted an ADMIXTRUE plot for K = 3, which showed 
the smallest cross-validation error rate across the Ks. 
2.2.8. Mitochondrial and chromosome Y haplogroup analysis 
Mitochondrial haplogroups were identified via Haplogrep (ver. 2.1.13)48, 49, and the Yfitter tool (ver. 
0.2)50 was used to identify Y chromosome haplogroups. I prepared the input files for the Yfitter program 
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by converting hg38 coordination to hg19 coordination, using CrossMap51 (ver. 0.2.7). 
2.2.9. GWAS 
For the GWAS, 823 individuals, 6,658,227 variants, and 79 traits were selected in accordance with the 
following criteria: 
For individuals: 
1) Individuals whose clinical traits were examined. 
2) Individuals having no rare diseases. 
3) Individuals having no kinship within the selected samples. 
For variants: 
4) SNVs and indels having a MAF of ≥1%. 
5) SNVs and indels having an HWE P > 10-6. 
6) SNVs and indels having a missing genotype rate of <0.01. 
The GWAS was performed exclusively using quantitative traits. GWA analysis was performed using 
linear regression under an additive genetic model. Age, age2, sex, body mass index (BMI), and the first 
10 principal components were included as covariates. BMI was excluded from covariates in the GWAS 
for BMI itself and the degree of obesity. The genome-wide significance threshold was determined to be 
7.51 × 10-9 through Bonferroni correction (0.05/6,658,227). The study-wide significance threshold was 
determined using the equation (0.05 / (the number of tested traits × the number of tested variants)). 
Variants were grouped into the loci with “--clump-p1 0.0000001 --clump-kb 1000 --clump-r2 0.1” 
options with PLINK (version 1.9)46. For each locus, previously reported variants associated with the 
trait of interest were examined in order from the most significant variant with the National Human 
Genome Research Institute (NHGRI) GWAS catalog52 (P ≤ 5 × 10-8, ver. 2018-12-07). 
2.2.10. Imputation panel construction 
To construct the Korea1K imputation reference panel, 1,059 healthy individuals that had no rare 
diseases with a total of 28,692,913 autosomal biallelic variants with a missing genotype call rate of <0.1 
and minor allele count of >1 (not a singleton) were selected. The variants were phased into haplotype 
using SHAPEIT2 (version v2.r904)53, and the Korea1K set was used to construct a rephased imputation 
panel using the 1KGP reference panel. I chose an alternative allele from Korea1K if the alternative 
allele of Korea1K and 1KGP is discordant during the merging step. To evaluate the imputation accuracy 
of the reference panels, I separately processed matched normal samples from previously published 19 
unrelated Korean patients with gastric cancers obtained from National Center for Biotechnology 
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Information (NCBI; SRP014574 and SRA057772). The WGS data from 19 previously reported Korean 
individuals with gastric cancer were mapped to hg38 using BWA-MEM (ver. 0.7.15) with the “-M” 
option, and the SAM format was converted to the BAM format using SAMtools (ver. 1.4)43. The BAM 
files were sorted using SAMtools (ver. 1.4), and duplicated reads were marked using the 
MarkDuplicates module in Picard tools. Base realignment and recalibration of the base quality score 
were carried out using GATK (ver. 3.7)32. Variants from all samples were called using GATK 
HaplotypeCaller with the joint calling mode. For a test set, I extracted 1,302,490 variants that were 
present in Illumina Omni 2.5 chip from the 19 individuals and obtained 1,243,087 prephased SNVs 
using SHAPEIT253. The prephased test set was imputed using the prepared reference panels by 
Minimac3 (ver. 2.0.1)54. Imputation accuracies were estimated using squared Pearson correlation 




2.3.1. SNVs and Indels in Korea1K dataset 
Whole-genome sequencing (WGS) data from 1,007 blood or saliva samples (984 samples with clinical 
and biochemical information) were generated with an average sequencing depth of 31× and pooled with 
sequencing data from an additional 87 blood or saliva samples (without clinical information) from the 
KoVariome database15. In total, 1,094 complete genomes, including 916 unrelated and healthy 
individuals, mostly from the Ulsan metropolitan region, were compared to the human genome reference 
(hg38). A total of 39.2 M SNVs and 7.6 M indels were called from the dataset (Table 1). I filtered out 
false-positive variants due to the sequencing batch effect (Figs. 1 and 2) and related individuals, yielding 
a set of variants containing 34 M SNVs and 4.8 M indels. I divided the variants into five categories 
based on their allele frequency in the Korean population (singleton: allele count = 1; doubleton: allele 
count = 2; rare: allele count of >2 and allele frequency of ≤0.01; common: allele frequency of >0.01 
but ≤0.05; and very common: allele frequency of >0.05; Fig. 3A). Highlighting the power of the large 
dataset, approximately half of the variants that I identified were classified as singleton or doubleton 
(allele count of ≤2), and unexpectedly, more than 70% of them are not reported in dbSNP (v150)55. On 
the other hand, less than 20% of the variants were classified as very common (allele frequency of >0.05), 
with more than 94% of these variants previously reported in dbSNP (v150) (20). A total of 96.6% of the 
very common SNVs overlapped with KoVariome15, compared to only 12.4% of rare SNVs (Fig. 4). The 
number of variants that have an allele frequency of >0.01 was similar to other non-African populations 
(1KGP non-African and 3.5KJPN), while there was a far higher number of variants, which have an 
allele frequency of ≤0.01 than KoVariome because of Korea1K’s much larger sample size (Fig. 5). 
 
 
Fig. 1 Principal component analysis (PCA) plot using SNVs and Indels in Korea1K set. (A) before 
removing the batch effect (B) after removing the batch effect. 
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Table 1 Variant count before and after removing batch effect. Singleton: allele count =1; Doubleton: 
allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele frequency > 0.01 and 
allele frequency ≤ 0.05; very common: allele frequency > 0.05. The allele frequency category in this 















Very Common Novel 237,739 68,290 28.72% 
Very Common dbSNP 6,122,812 4,589,385 74.96% 
Common Novel 536,623 410,651 76.53% 
Common dbSNP 2,104,239 1,612,718 76.64% 
Rare Novel 7,777,745 6,988,611 89.85% 
Rare dbSNP 5,380,191 4,212,315 78.29% 
Doubleton Novel 3,034,057 2,804,907 92.45% 
Doubleton dbSNP 1,549,851 1,365,313 88.09% 
Singleton Novel 8,787,498 8,729,585 99.34% 
Singleton dbSNP 3,659,762 3,434,077 93.83% 
Total SNV 39,190,517 34,215,852 87.31% 
Indel 
Very Common Novel 673,458 236,402 35.10% 
Very Common dbSNP 1,478,967 850,680 57.52% 
Common Novel 942,429 408,410 43.34% 
Common dbSNP 543,954 280,808 51.62% 
Rare Novel 1,407,307 900,776 64.01% 
Rare dbSNP 563,066 383,256 68.07% 
Doubleton Novel 440,245 362,171 82.27% 
Doubleton dbSNP 107,841 88,174 81.76% 
Singleton Novel 1,191,058 1,118,475 93.91% 
Singleton dbSNP 207,223 180,358 87.04% 
Total Indel 7,555,548 4,809,510 63.66% 




Fig. 2 Boxplot of variants quality normalized by depth based on allele frequency category and 
existence in dbSNP v.150 before and after batch effect filtering. (Singleton: allele count =1; 
Doubleton: allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele frequency 
> 0.01 and allele frequency ≤ 0.05; very common: allele frequency > 0.05) 
 
 
Fig. 3 Variants statistics and discovery rate of the novel variants. (A) Number of variants in the 
Korea1K dataset in all autosomal regions categorized based on allele frequencies. Singleton: allele 
count =1; Doubleton: allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele 
frequency > 0.01 and allele frequency ≤ 0.05; very common: allele frequency > 0.05. (B) The number 





Fig. 4 Percentage of overlapped SNVs with KoVariome. Singleton: allele count =1; Doubleton: allele 
count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele frequency > 0.01 and allele 
frequency ≤ 0.05; very common: allele frequency > 0.05 
 
Fig. 5 Number of variants from variome databases based on allele frequencies. Singleton: allele 
count =1; Doubleton: allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele 
frequency > 0.01 and allele frequency ≤ 0.05; very common: allele frequency > 0.05. The color indicates 
variome database. Note that there are no variants that have allele frequency ≤ 0.01 and allele count >2 






On the basis of the final set of variants, each individual showed on average ~4.42 M variants (3.58 M 
very common, 0.4 M common, 0.31 M rare, 0.46 M doubleton, and 0.85 M singleton variants), of which 
8,928 and 918 were nonsynonymous and loss of function (LoF), respectively. Next, I classified each 
variant into 1 of 19 different variant classes (i.e., intergenic and intronic) based on its functional impact 
and location in the genome (Fig. 6). LoF variants (nonsense, nonstop, splicing site, and indel variants) 
in the Korea1K set had a higher ratio of rare, doubleton, or singleton variants than other regional classes, 
indicating the effect of purifying selection on these variants. In addition, the allele (site) frequency 
spectrum of unrelated individuals was used to estimate the fraction under selection pressure in different 
genomic regions34. I confirmed that LoF variants had the highest fraction of sites under negative 
selection (Fig. 7). I applied the same comparative analysis to the entire gene set and found that 16 genes 
showed high purifying selection pressure, which was even stronger than the selection for 
nonsynonymous variants across the genome. Four genes showed negative values suggestive of positive 
selection pressure (Fig. 8). Regarding indels, the Korea1K set displayed more deletions (2,573,411) 
than insertions (2,155,644), possibly resulting from skewed variant calling (Fig. 9). Indels in protein-
coding regions displayed higher peaks among in-frame indels based on their length, indicating purifying 
selection (Fig. 10)56. 
 
 
Fig. 6 Variants distribution based on variant location and allele frequency in Korea1K. (A) 
Variants counts, and (B) proportions of the number of variants based on allele frequency categories. 
IGR: inter-genic region except for 5’ and 3’ Flank variants; UTR: untranslated region. Singleton: allele 
count =1; Doubleton: allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; common: allele 




Fig. 7 Fraction under selection based on variant type. LoF indicates loss-of-function. 
 
 
Fig. 8 Fraction under selection based on genes. The horizontal line indicates the fraction under the 
selection pressure of nonsynonymous variants. 
 19 
 
Fig. 9 Length distribution of Indels. 
 
Fig. 10 Length distribution of Indels in the coding region. 
The discovery rate of newly observed variants from unrelated individual genomes is a method for 
quantifying genomic diversity in a given population57. The pattern of newly observed unshared variants 
of unrelated Korean genomes was investigated using the five allele frequency categories (Fig. 3B). The 
discovery rate of very common (allele frequency of >0.05) variants saturated after 132 samples (14.4%), 
while the rate of singleton and doubleton variants was still increasing after analyzing all 916 healthy 
unrelated samples. When I compared the count of newly observed variants in unrelated individuals 
against previously published KoVariome, unexpectedly, Korea1K showed a slightly higher rate of novel 
variant discovery than KoVariome (Fig 11; Korea1K, 101,866; KoVariome, 48,051 for 50th individual). 
This increase might have been caused by implementing newer versions of the variant calling pipeline 
and the human genome reference. As expected, this also confirms that more sequenced genomes are 
needed to sufficiently cover very rare variants in the Korean population. 
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Fig. 11 Number of novel variants as a function of new unrelated individuals. 
  
The Korea1K set contained 266,081 nonsynonymous SNVs. Among them, 118,417 and 117,414 were 
categorized as protein damaging by PolyPhen58 (possibly damaging, 46,116; probably damaging, 
72,301) and SIFT 59 (deleterious, 117,414), respectively. In total, 87,671 variants were predicted as 
protein damaging by both programs, and their allele frequency is skewed toward rare frequencies, while 
benign or tolerated variants are skewed toward common frequencies, again indicating purifying 
selection (Fig 12). When mitochondrial and chromosomal Y haplogroups among the Korean individuals 
(Figs 13 and 14) were investigated, the common types identified were D (34.19%), B (13.89%), and M 
(13.80%) mitochondrial and O (73.49%), C (16.9%), and N (6.58%) chromosomal Y60, 61. The O male 
haplogroup is widely distributed in East Asia and Southeast Asia, while the C haplogroup is prominently 
distributed in East Asia and Northeast Asia60. I also identified other fairly common mitochondrial 
haplogroup types (A, G, and F) in East Asia62. 
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Fig. 12 Proportion of variants based on allele categories for A) PolyPhen and B) SIFT estimation. 
Singleton: allele count =1; Doubleton: allele count =2; rare: allele count > 2 and allele frequency ≤ 0.01; 
common: allele frequency > 0.01 and allele frequency ≤ 0.05; very common: allele frequency > 0.05 
 
 
Fig. 13 Mitochondrial haplogroup distribution in Korea1K. 
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Fig. 14 Chromosome Y haplogroup distribution in Korea1K. 
2.3.2. Genomic features of Koreans compared to other populations 
I assessed the genetic distinctiveness of Korea1K sample using principal components analysis (PCA) 
with the small size variants (SNP and indel) in the dataset and 1KGP. As previously reported, principal 
components PC1 and PC2 with worldwide populations showed a separate East Asian group (Fig. 15A). 
Although Koreans, Chinese, and Japanese are genetically very close relative to all other individuals63, 
I found that those three populations clustered distinctly from each other (Fig. 15B). This pattern was 
replicated by ADMIXTURE analysis with K = 3 (Fig 16). To investigate functionally relevant variants, 
I extracted 1048 ClinVar pathogenic variants found in Korea1K. Among them, 242 variants had an allele 
frequency greater than 0.1 in Korea1K, which is high for pathogenic variants (Fig. 17). I also found 35 
drug-response variants annotated in ClinVar (Fig. 18), and 11 of them displayed significantly different 
allele frequencies from those of the Chinese or Japanese individuals in the 1KGP set, highlighting the 
importance of population-specific datasets when interpreting pathogenic or drug-response variants. For 
example, the variant rs4961 in ADD1 had the highest frequency in the Korea1K compared to other 
populations and is associated with hypertension and responsiveness to furosemide and spironolactone 
as shown in a European study64, 65. However, no significant association with blood pressure was found 
in GWAS using the Korea1K set (see the “Genome-wide association study” section for details). I 
identified CNVs, TE insertions, and HLA-1 haplotypes as WGS data can identify numerous variants 
from complex or highly variable nongenic regions26, 27. In total, 6,131 CNVs were identified in Korea1K 
(Fig. 19). As expected, since copy number variants are quite variable, more than 50% of the CNVs were 
categorized as very rare (sample frequency < 0.001). Korea1K contains 1441 CNV loci, and 80% of 
them overlapped with the CNV set from the entire 1KGP samples while not overlapping with segmental 
duplication regions. Four common CNVs (sample frequency of >0.05) overlapped with those in the 
1KGP set and were validated by a secondary CNV caller, which, in turn, contained five protein-coding 
genes (Figs. 19 and 20, LCE3C, LCE3B, MRGPRX1, OR52N5, and CLPS). Among the four common 




Fig. 15 Comparison with other populations. Results of principal component analysis of Korea1K 
and the 1KGP set of (A) worldwide populations and (B) East Asian samples. (C) The number of TE 
insertions with significantly different allele frequencies between the Korea1K set and the population. 
(D) The proportion of differential TE insertions. Colors indicate TE subtypes. Abbreviation for 
populations is same population code as 1KGP (ACB: African Caribbean; ASW: African Ancestry SW; 
BEB: Bengali; CDX: Dai Chinese; CEU: CEPH; CHB: Han Chinese; CHS: Southern Han Chinese; 
CLM: Colombian; ESN: Esan; FIN: Finnish; GBR: British; GIH: Gujarati; GWD: Gambian Mandinka; 
IBS: Iberian; ITU: Telugu; JPT: Japanese; KHV: Kinh Vietnamese; LWK: Luhya; MSL: Mende; MXL: 
Mexican Ancestry; PEL: Peruvian; PJL: Punjabi; PUR: Puerto Rican; STU: Tamil; TSI: Toscani; YRI: 
Yoruba). 
 
Fig. 16 ADMIXTURE plot for Korea1K and 1KGP East Asians. I used K=3 which showed the 
smallest cross-validation error. (CDX: Dai Chinese; CHB: Han Chinese; CHS: Southern Han Chinese; 
JPT: Japanese; KHV: Kinh Vietnamese) 
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Fig. 17 ClinVar variants which have more than 10% of allele frequency in the Korea1K. The allele 
frequencies for the super population of 1KGP were also presented. (EAS: East Asian; SAS: South Asian; 
EUR: European; AMR: American; AFR: African) 
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Fig. 18 Drug response variants found in Korea1K. Blue indicates significantly different allele 
frequencies between the Korea1K dataset and the population from the Chi-square test. White 
indicates not significant. Grey indicates a Chi-square test could not be performed because of low allele 
count. Abbreviation on Y-axis is the same population code as 1KGP (CDX: Dai Chinese; CHB: Han 
Chinese; CHS: Southern Han Chinese; JPT: Japanese; KHV: Kinh Vietnamese; EAS: East Asian; SAS: 
South Asian; EUR: European; AMR: American; AFR: African). 
 
 
Fig. 19 Length distribution of copy number variations. 
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Fig. 20 Copy number variations in Korea1K. (A) The number of copy number variations (CNVs) 
based on categories of sample frequency. Very rare: sample frequency ≤ 0.001; rare: sample frequency 
> 0.001 and sample frequency ≤ 0.01; common: sample frequency > 0.01 and sample frequency ≤ 0.05; 
very common: sample frequency > 0.05. The colors indicate the types of CNVs. (B) Common CNVs 
overlapped with 1KGP set and protein-coding genes. Colors indicate the copy number. 
 
For TE polymorphisms, in total, 29,143 TE insertions were identified in Korea1K (Alu: 23,915, LINE1: 
3,707, SVA: 1,521) from the WGS data (Table 2). More than 50% of the TE insertions identified in 
Korean1K were rare variants (allele frequency <1%, 16,225 TE insertions, Fig. 21); this pattern was 
similar to that of SNVs and indels. Allele frequencies of TE insertions were compared between Korea1K 
and 26 other populations from the 1KGP phase 3 data38, 41, 66. 
 
Table 2 Number of Transposable element (TE) insertions before and after filtering. 
TE type Number of TE loci before filtering Number of TE loci after filtering 
ALU 23,924 23,915 
LINE1 3,708 3,707 
SVA 1,522 1,521 





Fig. 21 Transposable element (TE) insertion frequency distribution in Korea1K. (A) All TE type. 
(B) ALU. (C) LINE1. (D) SVA. 
 
The patterns of TE insertions between the Korean and other populations were investigated by PCA (Figs. 
21 and 22 and Table 2). PC1 and PC2 identified that four superpopulations (Africans, Asians, Americans, 
and Europeans) were well separated from each other, whereas subpopulations in East Asia were not. 
Therefore, a specific TE insertion pattern alone is insufficient to finely differentiate subpopulations in 
East Asia, although the genomic diversity was clearly reflected in the allele frequency distribution (Figs. 
23 and 24). TE insertions with significantly different allele frequencies between Koreans and 26 other 
populations in the 1KGP set were enumerated, and as expected, Korea1K displayed significantly fewer 
differential TE insertions compared to East Asian populations than non–East Asians (Fig. 15C, and D). 
Furthermore, ALU and SINE-VNTR-ALUs (SVA) displayed a greater proportion of differential TE 
insertions than long interspersed nuclear element (LINE) in JPT, CHB, and CHS, probably because of 








Fig. 23 Transposable element (TE) insertion frequency distribution of Korea1K and 1KGP 
populations. (A) All TE types. (B) ALU. (C) LINE1. (D) SVA. 
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Fig. 24 Significance of TE insertion allele frequency difference. Colors represent P-value. The red 
box indicates a significant difference in TE insertion allele frequency distribution calculated by the 
Wilcoxon rank-sum test. The box which does not show a significant difference (P-value >0.05) colored 
into gray. 
 
I also compared HLA types in Korea1K with those in publicly available databases containing European, 
American, and Asian HLA frequencies (Figs. 25 and 26). The HLA allele frequency pattern was very 
similar to the HLA haplotype distribution of Korean samples from the public database. A*24:02, 
B*44:03, and C*01:02 were the most dominant types of HLA-A, B, and C, respectively (Fig. 25). HLA 
types A*24:02, A*26:01, A*31:01, B*40:02, and B*52:01 displayed significantly lower allele 
frequencies in the Korean population relative to the Japanese population (Fisher’s exact test P = 3.61 × 
10-49, 7.09 × 10-8, 1.34 × 10-12, 9.61 × 10-12, and 3.13 × 10-42, respectively), while types A*33:03 and 
B*44:03 had higher allele frequencies (Fisher’s exact test P = 3.10 × 10-46 and 1.00 × 10-5, respectively). 
Although the Japanese are genetically very close to the Korean, the HLA-type profiles of these 
populations are considerably different. However, I identified similarities in the Asian populations; for 
example, types A*33:03, A*02:06, and B*58:01 displayed relatively high allele frequencies, while 
types A*02:01, A*03:01, A*01:01, A*32:01, A*68:01, B*07:02, B*44:02, and B*08:01 displayed low 




Fig. 25 HLA allele distribution in Korea1K. (A) HLA-A. (B) HLA-B. (C) HLA-C. The X-axis 
indicates the HLA allele type. Y-axis indicates the proportion of each type in Korea1K. 
 
Fig. 26 Comparison of HLA type frequency to the public database. (A) Allele frequency of HLA-A 
loci. (B) Allele frequency of HLA-B loci. 
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2.3.3. GWAS based on clinical traits 
Thanks to its extensive genomic coverage, population-scale WGS data are more effective than chip-
based approaches at identifying statistically significant associations with quantitative traits and 
diseases22. It is even more powerful if matched clinical or phenotypic data are available for the 
genomes67. In the Korea1K set, I was able to quantify 79 quantitative clinical traits measured from 984 
samples through health checks provided to the KGP participants. I analyzed associations by fitting 
additive genetic models with relevant covariates for 79 quantitative traits and 6,658,227 variants 
[5,932,215 SNVs and 726,012 indels; minor allele frequency (MAF) of >1%] from 823 unrelated 
individuals of the 984 samples. The analysis resulted in 467 variants that were statistically linked via 
GWAS to 11 quantitative traits (P < 7.5 × 10-9, the Bonferroni-corrected significance threshold). The 
467 variants were clumped into 15 independent loci on eight chromosomes, and 11 of them contained 
previously reported variants linked to a trait. I found that 11 index variants were not present on the 
commonly used Illumina Omni 2.5 human SNP chip (Fig. 27-31, Table 3). Among the 11 loci of 
reported variants, 9 contained variants reported in the GWAS catalog 52, but their index variants were 
newly identified in this study. 
 
Fig. 27 Manhattan plot of the reported loci via a genome-wide association study. Each color 
indicates a different clinical trait. The most significant reported markers in the loci are denoted with 
triangles. The dashed line indicates the threshold for genome-wide significance (7.5 × 10-9). The dotted 




Table 3 List of traits with index variants located in previously reported loci. Highlighted rows 
indicate unreported variants with higher significance values, located in the same linkage disequilibrium 
block with reported variants. MAF indicates minor allele frequency. 






chr19 5,844,781 rs28362459 FUT3 1.83E-42 0.341 
Total bilirubin chr2 233,762,816 rs28946889 UGT1A6 1.85E-23 0.439 
Lactate 
dehydrogenase 
chr12 7,437,350 rs200382222 CD163L1 1.40E-21 0.186 
Lipoprotein A chr6 160,596,331 rs73596816 LPA 1.31E-19 0.038 
Uric acid chr11 64,593,747 rs121907892 SLC22A12 7.94E-15 0.013 
Direct bilirubin chr2 233,762,816 rs28946889 UGT1A6 6.43E-14 0.439 
Lipoprotein A chr6 160,607,693 rs41269888 LPA 4.30E-13 0.454 
Amylase chr1 103,348,267 rs878863022 N/A 1.01E-12 0.476 
Carcinoembryonic 
antigen 
chr9 133,257,129 rs2073823 ABO 2.53E-11 0.228 
Total bilirubin chr2 233,708,761 rs7583278 UGT1A6 2.89E-11 0.100 
Neutral fat chr11 116,792,991 rs662799 ZPR1 4.22E-10 0.315 




Fig. 28 QQplots for the GWA tests of the 20 traits. X-axis indicates expected -log10 P-value. Y-axis 
indicates observed -log10 P-value. 
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Fig. 29 QQplots for the GWA tests of the 20 traits. X-axis indicates expected -log10 P-value. Y-axis 
indicates observed -log10 P-value. 
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Fig. 30 QQplots for the GWA tests of the 20 traits. X-axis indicates expected -log10 P-value. Y-axis 
indicates observed -log10 P-value. 
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Fig. 31 QQplots for the GWA tests of the 19 traits. X-axis indicates expected -log10 P-value. Y-axis 




Of the 15 independent loci, I could identify 1 previously unidentified locus in MAMASTR, which is 
associated with cancer markers (carbohydrate antigen 19-9 and carcinoembryonic antigen). A 
previously unidentified locus was also found in WDPCP, which is associated with body fat percentage. 
Another previously unidentified locus in SERPINA7 was found, which is associated with 
triiodothyronine. I also found two loci on chromosome 2 (rsID: rs28946889, trait: total bilirubin, P = 
1.85 × 10-23; rs662799, neutral fat, P = 4.22 × 10−-10) that have been previously identified in two Korean 
GWAS68, 69. The MAFs in the previously unidentified loci were markedly lower than those previously 
reported when I compared the MAFs of GWAS variants in these previously reported and the unreported 
loci (Fig. 32). This means that large-scale variomes from WGS data help identify low-frequency alleles 
and unreported loci via whole genome–based GWA studies. 
 
Fig. 32 Minor allele frequency (MAF) of the most significant variant on the loci from GWA 
analysis. ‘Clump’ means that clump variants in the loci were reported. ‘Index’ means that index variants 
in the loci were reported. ‘Novel’ means that no variants in the loci were reported. 
 
2.3.4. Korea1K imputation panel 
Haplotype-based imputation is a cost-effective method to capture human genetic variation for clinical 
purposes. Crucially, the accuracy of imputation is improved when a population-specific reference panel 
is used 27. I first constructed a phased reference panel using the Korea1K dataset and the combination 
of Korea1K and 1KGP panel by using SHAPEIT253. The imputation accuracy for the three reference 
panels [Korea1K (n = 1,059), 1KGP (n = 2,504), and Korea1K + 1KGP (rephased, n = 3,563)] was 
evaluated by imputing pre-phased variants from the matched normal sample of the 19 Korean patients 
with gastric cancer. This test set was imputed with the three reference panels using Minimac354. The 
accuracy was evaluated by comparing the squared Pearson correlation coefficient between the real 
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genotypes and the dosage of imputed genotypes. The Korea1K panel showed better correlation with 
true genotypes at low allele frequencies than the 1KGP panel, and the combined Korea1K + 1KGP 
panel had the best accuracy overall, indicating the usefulness of Korea1K set for the imputation of 
Korean SNV data (Fig. 33). 
 
 
Fig. 33 Imputation performance evaluation. The X-axis indicates alt allele frequency in the Korea1K 
set. The Y-axis represents the aggregated R2 values of SNVs. I used SNVs which were overlapped by 




In this chapter, I present a comprehensive WGS analysis of 1,094 Koreans (Korea1K), which is a 
mixture of existing KoVariome15 and newly added 1,007 genomes with clinical information. On the 
basis of my analysis, Korean population is genetically homogeneous compared to other East Asians, 
and this is probably due to geopolitical isolation in the past thousands of years. However, I speculate 
that, although Koreans are fairly homogeneous, more than 1,000 samples are necessary to map the 
Korean human genome diversity judging from the assessment of the discovery rate of newly observed 
variants (allele frequency of >0.05 variants saturated after 132 samples, while the rate of singleton and 
doubleton variants kept increasing even after analyzing all the 916 healthy unrelated samples). Despite 
a large amount of genomic data, coupled with clinical information, the CNV and TE analyses did not 
identify anything unusual or unique. This could be because short-read DNA-sequencing methods have 
an inherent difficulty in detecting structural variations that cannot be easily resolved bioinformatically, 
and I must perform long-read sequencing using the same samples in the future to map novel associations 
between these complex variants and phenotypically accessible traits. Furthermore, I note that the 
samples are mostly from the Ulsan metropolitan area and cannot reflect the whole Korean peninsula, 
although Ulsan has a population size of one million and the residents are from all across the peninsula 
due to rapid industrialization. Together, the sample size of 1,094 from mostly Ulsan is still far from 
sufficient to represent the Korean population or to map latent genomic structural variations. 
Nevertheless, the large-scale Korean variome database constructed herein is potentially applicable in 
studies on various cancers and other diseases of Koreans and can indirectly help reduce the cost of 
certain genetic analyses. This kind of personal whole-genome dataset combined with common health 
check–derived clinical information is possibly a good exemplary path for an ethnicity-relevant reference 
panel for future personalized medical applications for Koreans. 
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Ⅲ. Chapter 2. Korean origin 
3.1. Introduction 
The 1000 Genome Project (1KGP) showed that East Asians displayed a common genetic bottleneck 
with non-African humans around the last glacial maximum9. However, the 1KGP project includes only 
five EA populations failing to fully represent EA genome structures. In 2009, the HUGO Pan-Asian 
Consortium (PASNP) confirmed a general concordance between linguistic and genetic affiliations70. 
Most recently, the Asian diversity project showed a correlation between geographical coordinates and 
genetic structure in Asia71. Although Koreans are similar to the Chinese, the PASNP, 1KGP, and Asian 
diversity projects cannot fully explain the detailed makeup and peopling of the Korean Peninsula. 
There are currently several hypotheses on the origins of the Korean. The Korean Y-chromosome 
haplogroup (O2b-SRY465) suggests the ancestors of the proto-Koreans are related to the people who 
inhabited northeastern China during the Neolithic (9,900–10,000 years BP) and Bronze (3,450–
2,350 years BP) Ages72. On the other hand, mitochondrial DNA (mtDNA) shows that Koreans display 
a very typical East Asian73. Previous population studies have revealed that Koreans have not undergone 
any severe genetic bottlenecks and primarily consist of two genetic components74. One is strongly 
associated with China, but the other is less clear. Therefore, uncovering the exact genetic makeup of 
Koreans has not been carried out at a whole-genome scale using both present-day and ancient genomes. 
Paleogenomics is a powerful tool to reveal the exact genetic lineages and affinities that cannot be 
resolved with present-day populations alone because frequent and complex genetic exchanges occur 
with or without cultural and linguistic exchanges. Archeological data unearthed in Korea provide the 
proto-Korean chronology and prehistories of the Korean Peninsula. The oldest archaic relics, such as 
the Acheulean axes, that have been found in South Korea date back hundreds of thousands of years, 
however, human bone preservation is poor due to the acidic soils and cannot acquire any ancient genetic 
data75. The earliest hominid evidences in the Peninsula date to be between 400,000 and 600,000 years 
ago (YA)76. In spite of the claims about human bones in North Korea75, 77, these paleoanthropological 
materials are rare in Korea. Therefore, it is only possible to infer the exact Korean ethnic origins through 
ancient genomes found in the nearby regions, such as Devil’s Gate in Russian Far East (8,000 years 
BP)11 and Tianyuan cave, Beijing (40,000 years old)78. Fortunately, Neolithic to Iron Age ancient 
genomes from Southeast Asia (SEA) have become available recently79. Such ancient genomes, taken 
from a wide geographic and temporal distribution, should allow us to answer when and how the 




A total of 88 Korean samples were used that are available from the KoVariome database15 and 208 
worldwide present-day individual samples were collected: 13 African, 4 American, 26 European, 7 
Oceanian, 5 Central Asian, 43 East Asian, 31 North Asian, 36 South Asian, 22 West Asian, and 21 
Southeast Asian. I collected and added six EA and nine SEA individuals. I merged the whole-genome 
sequence (WGS) data with the human origin SNP panel data set80 including six Korean samples’ 
genotype information generated from this panel. A total of 155 ancient genomes were additionally 
collected. The samples were further chosen to abundantly reflect the target Asian populations and 
resolve the genetic relationships between Koreans and other populations. All the 88 Korean samples 
were collected and sequenced according to the guidelines set by the Institutional Review Board (IRB) 
of the Genome Research Foundation (GRF). Informed consent for study participation was acquired 
from all participants by the Korean Life Ethics bill, and all experimental protocols were approved by 
the GRF IRB. I uploaded them on a web site Asian Genome Data for Korean Origin 
(http://variome.net/Asian_Genome_Data_for_Korean_Origin). 
3.2.2. Whole-genome sequencing and genotyping 
Genomic DNA was extracted using a QIAamp DNA Blood Mini Kit (Qiagen, CA) and WGS libraries 
were constructed using TruSeq DNA sample preparation kits (Illumina, CA). Sequencing was 
performed using Illumina HiSeq sequencers following the manufacturer’s instruction. Low-quality 
reads were removed by NGSQC-toolkit (ver 2.3.3) with “-l 70 and –s 20” options81. Filtered reads were 
aligned to the human reference genome (hg19) using BWA-MEM (ver. 0.7.8)31. I further removed PCR 
duplicates using MarkDuplicates in Picard (ver. 1.9.2, http://broadinstitute.github.io/picard/) and 
conducted IndelRealigner and BaseRecalibration using GATK (ver. 2.3.9)82. I predicted individual 
single-nucleotide variants using GATK UnifiedGenotyper82 with “–heterozygosity 0.0010 -dcov 200 -
stand_call_conf 30.0 -stand_emit_conf 30.0” options. To confirm artifacts in the variants merging from 
various resources which can occur during the production process caused by different sequencing 
platforms, alignment algorithms, and genotype callers, WGS-based variants were merged with the six 
Koreans’ genotypes generated from the human SNP panel data80. Finally, I pruned the panel with linkage 
disequilibrium information using plink with “–indep-pairwise 200 25 0.4” option46. 
3.2.3. Haplotype analysis 
Korean haplotypes were analyzed with YFitter50 for Y-chromosome and haplogrep83 for mtDNA 
haplotypes. To analyze the mtDNA haplotypes of the ancient genomes, I downloaded mitochondrial 
BAM files of ancient genomes via the European Nucleotide Archive with accession ID of PRJEB14817, 
PRJEB24939, and PRJEB9021 and GenBank with accession ID of KC417443.1 for the Tianyuan 
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mitochondrion. Consensus sequences of ancient and modern mitochondrial genomes were generated by 
Samtools with minimal depth 5. Then, multiple sequence alignment of the consensus sequences was 
performed by MUSCLE. The phylogenetic tree was constructed by MEGA7 with a Gamma distribution 
model and pairwise deletion for gap treatment. Divergence time between nodes was calibrated by 
MEGA7 with the four previously suggested calibration points for A (41,504–51,765), B (35,360–
44,929), C (29,615–42,453), and D (41,610–52,388)84 
3.2.4. Genomic clustering 
I used CHROMOPAINTER to infer “chromosome chunks” for each individual for fineSTRUCTURE85 
analysis and clustered 88 Koreans and 208 present-day individuals into 64 genetic groups (Fig. 34). The 
fineSTRUCTURE produced a homogeneous group of 88 Korean individuals (Fig. 35). In total, I 
reclustered 185 present-day genomes and 6 Korean genomes using CHROMOPAINTER and 
fineSTRUCTURE85. Using these individuals, I implemented ADMIXTURE (ver. 1.23)47 with K = 2–14 
(Fig. 36). I generated a dendrogram with each of the ADMIXTURE result (K = 2–14) using the hcluster 
function in R. I evaluated the consistency of the ADMIXTURE and fineSTRUCTURE results by 
calculating correlation using the “cor.dendlist” function with the “cophenetic” method in the 
“dendextend” package in R (Fig. 37). It showed the highest correlation when K = 10 (corr. = 0.78). I 
used the admixture result of K = 10, which best represents the genetic cluster analyzed by 
fineSTRUCTURE. I performed a principal component analysis (PCA) analysis conducted with 





Fig. 34 FineSTRUCTURE analysis of 88 Koreans and 208 contemporary global individuals. 
 
 
Fig. 35 Global inference of the genetic structures. The phylogenetic tree produced by the 
fineSTRUCTURE algorithm, which rotates clades according to the geographic associations without 
topological (branching structure) changes. The genetic distance from the assumed common ancestor is 
not mathematically scaled and it just shows the cluster topology. 
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Fig. 36 Global inference of the genetic structures after filtration (K=2-14) 
 
Fig. 37 Dendrogram correlation between the fineSTRUCTURE clade and ADMIXTRUE (K=2-
14) results. 
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3.2.5. Admixture time estimation 
I implemented the ALDER program87 to estimate the admixture time of Korean using the Korean itself 
as one reference population. I used filtering criteria of a genotype rate >99%, MAF > 0.01, and Hardy–
Weinberg equilibrium P-value > 0.000001. 
3.2.6. The genetic affinity between the ancient and present-day populations 
To investigate the genetic relationship between populations of interest, I used the D and outgroup f3 
statistic framework by using ADMIXTOOLS88. The genetic affinity between the ancient and present-
day populations was measured with the outgroup f3 statistic using the following notation: f3(X, Y; 
Yoruba), where X and Y are ancient and present-day populations, respectively. To better represent the 
genetic association of the present-day population against a focal ancient genome, I applied a scaled f3 
statistic by f3scaled = (f3 − m)/(M − m), where m and M represent the minimum and maximum f3 statistic. 
To cluster ancient genomes in this study, I analyzed a pairwise outgroup f3 statistic with a form of f3(X, 
Y; Yoruba). In this analysis, both X and Y were ancient genomes. 
3.2.7. Admixture model construction 
To construct an admixture model depicting the historical genetic makeup of Koreans and other Asians, 
I fitted the SNP panel to the admixture models with the qpgraph program88 based on results from D-
statistics and f3 statistics in the study. I first set the skeleton for the admixture model as Tianyuan, Onge, 
and Ami by adapting a previous study89 (worst-fitting Z = 0.044). Then, I added Kinh which has a high 
admixture F3 score with Devil’s Gate to Koreans (worst-fitting Z=−3.887) and then to Devil’s Gate, 
Ulchi, Koryak, Mixe, and MA1 (worst-fitting Z = 3.317). Finally, Koreans, Han, and Japanese have 
been added to model the suggested admixture of East Siberians (Esi) and East Asians b (EAb) (worst-
fitting Z value of −3.686). I manually calibrated the final model with a time point which was estimated 
using the ALDER results. 
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3.3. Results and discussion 
3.3.1. Korean genetic structure 
To infer the genetic association between the 88 Koreans and the selected neighboring populations, I 
collected with WGS from 185 contemporary individuals belonging to 91 populations (Fig. 38A). 
 
 
Fig. 38 Genetic clustering of the present-day populations 
(A) Illustration of the geographical distribution of the 91 populations analyzed in this study. (B) 
Principal component analysis (PCA) of the 185 individuals using 199,629 linkage disequilibrium (LD) 
pruned SNPs in the 109 present-day populations. (C) Genetic clustering of present-day populations 
analyzed by fineSTRUCTURE 85 (top) and ADMIXTURE 47 (bottom). Names of the genetic clusters are 
given underneath the admixture group names. 
 
I included people from 21 and 31 Southeast Asian and North Asian ethnic groups, respectively, from 
which Koreans could have originated. I predicted an average of 1.5 and 2.6 mega homo- and 
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heterozygous single-nucleotide variants from each individual, respectively. I merged WGS-based SNPs 
with the human origin SNP panel data set and finally produced 199,629 autosomal SNPs for genetic 
comparison. To infer the genetic structures of the Korean ethnic group, I clustered 94 Koreans, including 
6 published Koreans genotyped with SNP chip, by applying the CHROMOPAINT and 
fineSTRUCTURE85 programs. These algorithms clustered 279 individuals into 64 homogeneous groups 
according to the haplotype patterns shared by the individuals (Fig. 34). This analysis showed eight 
global haplotype patterns: Africans (AFR), West Asians (WA), Europeans (EUR), South Asians (SA), 
West Siberians (Wsi), East Siberians (Esi), and two groups of East Asians (EAa and EAb) (Fig. 35), which 
reflect both geographic and genetic relationships (Fig. 38A). The group of EAb consists mainly of 
Korean, Chinese, Japanese as well as Austroasiatic speakers in Southeast Asia and EAa contains several 
ethnic minorities of Southeast Asia. I first confirmed a genetically homogeneous ethnic group of 
Koreans by showing a single clade in the fineSTRUCTURE tree (Fig. 36). This homogeneity is also 
consistent across chip-based and WGS-based data, suggesting that there is no technical bias in the 
sequencing platform or the SNP prediction algorithm. In the PCA, both the Koreans and EAb fell 
between the EAa and Esi populations (Fig. 38B), consistent with other previous studies
63, 90. I reanalyzed 
fineSTRUCTURE and ADMIXTURE47 with 6 randomly sampled Koreans and 185 global populations, 
to compare Korean’s genetic components without sampling bias (Fig. 38C). Consistent with the PCA 
result, the fineSTRUCTURE tree showed Koreans formed a homogeneous clade with most of the EA 
populations represented by EAb and their sister groups were composed of Esi and EAa (Fig. 38C top). I 
also analyzed genetic ancestry assuming ancestral groups from K = 2 to K = 14 in the ADMIXTURE 
analysis47 (Fig. 36). From K = 5, it showed two genetic components, red and blue, were admixed in 
Koreans which were dominated in the Esi and EAa/b populations, respectively; although, these ratios 
were slightly different depending on the number of ancestral groups (K). The dendrogram correlation 
analysis showed the greatest consensus between the fineSTRUCTURE clades and ADMIXTURE results 
at K = 10 (Fig. 37). At K = 10, I observed 38% and 62% of the Esi and EAa/b genetic components in the 
Koreans, respectively (Fig. 38C). Korean and Japanese populations showed very similar levels of 
genetic admixture rates, consistent with their sister groups in the fineSTRUCTURE tree (Fig. 38C). 
Takeuchi et al. (2017) reported a high degree of genetic similarity between the Korean and mainland 
Japanese and the estimated admixture date of the EA-wide genetic component to Japan was in the Yayoi 
period (3,000–1,700 years BP)74. The Chinese also have similar genetic compositions to the Korean and 
Japanese; however, their admixture rates differed depending on geographic region. Overall, I conclude 
that genetic admixture events occurred first between the Southeast Asians and Chinese outside Korea 
and Japan and then spread, rather than occurring separately in Korea or Japan locally. It is also possible 
that such a recent genetic admixture was a broad phenomenon, happening concurrently all across EA 
driven by a population expansion caused by the agricultural, economic, and technological advances of 
the last 4,000 years79. 
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3.3.2. The gene flow from Neolithic age Devil’s gate ancestry to Korean people 
To reveal past genetic exchanges contributing to the current Koreans and their neighboring populations, 
I collected 115 ancient genomes from across the world, consisting of 4 Pleistocene hunter-gatherers, 13 
Holocene hunter-gatherers, 20 Early Neolithic, 10 Mid Neolithic, 10 Late Copper Age, 9 Late Neolithic, 
20 Early Bronze Age, 4 Mid Bronze Age, 2 Late Bronze Age, and 12 Iron Age ancient genomes 
distributed across European and Russian regions. The time scale of these ancient genomes was 
categorized by referring to previous research91. In addition, I included the Tianyuan genome from 
northern China78, two ancient genomes unearthed from the Devil’s Gate cave near North Korea 11, and 
eight ancient genomes from Southeast Asia dating from the Neolithic to the Iron Age 79, making a total 
of 115 genomes. I measured levels of pairwise genetic affinity among the ancient and present-day 
genomes by using outgroup f3-statistics, with a form of f3(ancient, present-day; Yoruba)88. This analysis 
calculates the global landscape of the genetic associations between ancient and present-day genomes 
(Fig. 39). The f3scaled-statistics showed that the ancient Tianyuan individual (40,000 years BP from China) 
shares more alleles with present-day Siberians (Esi and Wsi) and East Asian (EAb) populations than with 
other present-day populations such as European, West-, and South Asians (Fig. 39). It suggests Tianyuan 
is the basal genetic component of the East Eurasian and East Asian lineage. I also observed that present-
day Esi and EAb populations had significant genetic affinities with ancient Southeast Asians (ancSEA), 





Fig. 39 A global outgroup f3 statistics between the ancient and present-day populations 
Outgroup f3 analyses with the form of f3(X, Y; Yoruba), where X and Y are ancient and present-day 
populations, respectively. I scaled the f3 statistics between 0 (black) and 1 (red) in the heat map. For 
ancient genome X (on rows), the scaled f3 statistic for a given cell in that column is calculated by f3scaled 
= (f3 − m)/(M − m), where m and M represent the minimum and maximum f3 statistic. I ordered 




Fig. 40 Genetic association between the ancient and present-day populations. 
(A) outgroup f3 statistics with the form of f3(X, Y; Yoruba), where X and Y are ancient and present-day 
populations, respectively. I scaled f3 statistics between 0 and 1. In the heat map, black indicates that the 
f3scaled value is close to 0 and red indicates the value is close to 1. For ancient genome X (on rows), the 
scaled f3 statistic for a given cell is calculated by f3scaled = (f3 − m)/(M − m), where m and M represent 
the minimum and maximum f3 statistic. Therefore, the smallest f3 in each column has f3scaled statistic = 
0 (black) and the largest has f3scaled statistic = 1 (red). I ordered ancient genomes in the X-axis 
according to the time scale. I also separated Central Steppe (CS) ancestry (black arrow) 92 and Chinese 
and Southeast Asian ancestry genomes (blue arrow) 79. Abbreviations: P on the bottom bar represents 
Pleistocene hunter-gatherers. The N, B, I represent Neolithic hunter-gatherer, Bronze and Iron age, 
respectively. (B) D(Yoruba, Tianyuan; X, Y), where X and Y are ancient and present-day populations, 
respectively. I represented only the absolute |Z-score| >3. The X-axis represents ancient genomes that 
have a genetic affinity with East Asia (EA) and East Siberia (Esi) populations. (C) outgroup f3 statistics 
among ancient genomes with the form of f3(X, Y; Yoruba). Both X and Y were ancient genomes.  
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Based on these genetic affinities, I deduced the genetic founders of the Koreans by comparing the 
Tianyuan-derived alleles shared with these ancients and present-day populations. I applied D-statistics 
in the form of D(Yoruba, Tianyuan; X, Y), where X and Y were ancient and present-day populations, 
respectively (Fig. 40B and 41). Tianyuan shares more derived alleles with ancSEAs than with any 
present-day populations (Fig. 40B), suggesting ancSEAs directly come from the Tianyuan lineage. 
Neolithic Devil’s gate and present-day population (Esi and EAa/b) showed a similar amount of 
Tianyuan’s genetic ancestry by showing D(Yoruba, Tianyuan; Devil’s Gate, Esi or EAa/b) ≈ 0. It suggests 
Neolithic Devil’s gate (Northern part of Korea) is possible to be admixed with another genetic 
component. In addition, Tianyuan’s genetic ancestry had a significantly higher level of genetic affinity 
with Wsi, Esi, and EAb populations than with ancCS (Fig. 40B). It suggests ancCS were possibly 
generated from other genetic compounds. The genetic clustering of ancient genomes also confirmed the 
highest genetic affinity of Tianyuan in Man Bac and a slight reduction of this affinity in other ancSEAs 
over time (Fig. 40C and 42). This evidence suggests ancSEA received an additional genetic component 
over time, consistent with Man Bac having the highest affinity toward Tianyuan. I examined Tianyuan’s 
genetic affinities for Esi and EAa/b using D-statistic in the form of D(Yoruba, Tianyuan; Esi, EAa/b) (Fig. 
43). In these statistics, the Tianyuan genome showed a higher level of genetic affinity with present-day 
Esi than Southeast Asians. However, several EAb (Korean, Japanese, and south Chinese) populations 
showed similar levels of affinity with Tianyuan-derived alleles to the Esi populations and were equally 
distant to Tianyuan lineage. This suggests Devil’s Gate ancients and present-day Esi and several EAb 
populations were subject to similar genetic influences over time and are expected to be a single clade 
since they are all separated originally from the Tianyuan lineage. These lines of analysis reveal that the 
basal ancient of the Tianyuan genome was separated in the Neolithic or pre-Neolithic era and 








Fig. 41 D-statistics with a form of D(Yoruba, Tianyuan, ancient, present-day) 
D(Yoruba, Tianyuan, ancient, present-day) test suggests Tianyuan is a putative founder of the EA 
population by showing significantly positive D-stats for the Esi population but not for the EAb (none or 
equal gene flow level). The Tianyuan genome had significantly higher allele sharing with Neolithic than 
Ion Age Southeast Asian ancient populations compared to present-day EA or Siberian populations and 
these sharing statistics value decreased over time. It supports the scenario of continuous Tianyuan-




Fig. 42 Genetic cluster of the ancient genomes analyzing with outgroup f3 statistics 
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Fig. 43 D-statistics with a form of D(Yoruba, Tianyuan; Esi, EAa/b) 
(A) The D-statistics with a form of D(Yoruba, Tianyuan, ancient, present-day) showed that the Tianyuan 
genome is closely related to Esi populations in comparison with EAa/b populations. However, several 
EA populations (Ami, Atayal, Daur, Hezhen, KOR, Miao, She, Tujia, and Xibo) showed similar levels 
of divergence from Tianyuan compared to Esi populations. (B) To represent gene flow and geographical 
relationships in Tianyuan, I represented the Z-score of D(Yoruba, Tianyuan; Yakut, EAa/b). For spot 
colors, “Z-score +3” values are used to represent “0” for individuals that are not statistically significant. 
3.3.3. The ancient gene flow making up the Korean ethnic group 
I focused on the gene flow from the Neolithic ancients into the Korean and EA populations. Based on 
the Tianyuan’s gene flow into Neolithic ancients and present-day populations, I hypothesized that either 
the Neolithic ancient genome contributed to the genetic ancestry of Korean or EA populations 
independently, or a second gene flow could have occurred (Fig. 40B). First, I investigated gene flow 
from two Neolithic ancients to Koreans and EA populations, with a form D(Yoruba, Devil’s Gate/Man 
Bac, ancient, present-day population). It showed Devil’s Gate genomes shared more derived alleles with 
most of the present-day Esi and EAb populations than with Neolithic Man Bac in Vietnam (Fig. 44A). 
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Fig. 44 Bronze and Iron Age gene flows making up the Korean 
Ancestry analysis from Neolithic ancients to present-day populations with forms of (A) D(Yoruba, 
Devil’s gate, ancient, present-day population), (B) D(Yoruba, Man Bac, ancient, present-day 
population). I represented only the |Z-score| >3 for each D-statistics. The positive values represent 
genetic ancestry to present-day populations and the negative values represent genetic ancestry to 
ancients at the bottom. The CS represents ancient genomes generated from central steppe regions 92. (C) 
Koreans’ genetic affinity with neighboring ethnic groups with outgroup f3 statistics, a form of f3(Korean, 
Y; Yoruba). The spot colors represent the genetic affinity of f3-statistics. The overall ancient clustering 
is represented in Table 4. The predicted historical Korean territories are given in ocher which referenced 
the website of “About Korea” (http://www.korea.net/AboutKorea/History/Three-Kingdoms-other-
States). 
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Table 4. Outgroup f3(Korean, present-day population, Yoruba) analysis 
source1 source2 f3 std z snps scaledF3 
KOR Japan 0.162178 0.001613 100.525 205320 1 
KOR Han 0.162002 0.001627 99.593 206572 0.99891 
KOR She 0.161644 0.001748 92.458 199957 0.996693 
KOR Miao 0.160831 0.001686 95.389 201578 0.991658 
KOR Tujia 0.160808 0.001648 97.59 201465 0.991515 
KOR Xibo 0.160374 0.001637 97.966 201826 0.988827 
KOR Hezhen 0.160241 0.001655 96.795 201599 0.988004 
KOR Tibet 0.160139 0.001612 99.317 203106 0.987372 
KOR Ami 0.160002 0.001656 96.615 201467 0.986523 
KOR Ulchi 0.159398 0.001689 94.347 201561 0.982783 
KOR Yi 0.1593 0.001631 97.663 201768 0.982176 
KOR Igorot 0.159127 0.001728 92.076 200045 0.981104 
KOR Atayal 0.159022 0.001744 91.172 199924 0.980454 
KOR Oroqen 0.158745 0.001667 95.244 201684 0.978738 
KOR Nivkh 0.158743 0.001683 94.324 201271 0.978726 
KOR Naxi 0.158388 0.001639 96.615 203185 0.976527 
KOR Daur 0.158368 0.001725 91.807 200254 0.976403 
KOR Dai 0.158258 0.001633 96.935 201882 0.975722 
KOR Kin 0.158075 0.001666 94.866 201920 0.974589 
KOR Lahu 0.157578 0.00162 97.253 201820 0.971511 
KOR Rungus 0.156736 0.001711 91.582 199773 0.966296 
KOR Sonsogon 0.156162 0.001789 87.305 199781 0.962741 
KOR Dusun 0.156023 0.001718 90.816 200205 0.96188 
KOR Tu 0.155837 0.001613 96.6 202213 0.960728 
KOR Mizoram 0.155596 0.001689 92.125 199773 0.959235 
KOR Even 0.154337 0.001588 97.206 203871 0.951438 
KOR Mongolia 0.152968 0.001632 93.742 202300 0.942959 
KOR Buryat 0.152905 0.001653 92.498 202556 0.942569 
KOR Koryak 0.152769 0.001624 94.057 201609 0.941727 
KOR Yakut 0.152695 0.001667 91.595 202377 0.941269 
KOR Thailand 0.152643 0.001615 94.505 202015 0.940947 
KOR Itelman 0.152176 0.001714 88.773 200399 0.938054 
KOR Sireniki 0.151959 0.001651 92.061 200502 0.93671 
KOR Chaplin 0.151173 0.001675 90.254 200396 0.931842 
KOR Naukan 0.150626 0.001655 91.005 201961 0.928455 
KOR Cambodian 0.149918 0.001631 91.906 202736 0.92407 
KOR Cosmomalay 0.149298 0.001641 90.989 202918 0.92023 
KOR Burmese 0.148392 0.001684 88.132 200757 0.914619 
KOR Orseletar 0.147134 0.001718 85.643 201439 0.906828 
KOR Altai 0.144894 0.001655 87.533 203472 0.892954 
KOR Kyrgyz 0.144132 0.001587 90.795 203773 0.888235 
KOR Nemendriq 0.143471 0.001632 87.933 202543 0.884141 
KOR Kusunda 0.14287 0.001678 85.122 200719 0.880419 
KOR Ket 0.140603 0.001657 84.85 203675 0.866379 
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KOR Tubalar 0.14053 0.001623 86.579 203943 0.865927 
KOR Nejehai 0.139637 0.001645 84.894 202294 0.860396 
KOR Aleut 0.13701 0.001594 85.951 204376 0.844126 
KOR Hazara 0.136146 0.001757 77.498 201674 0.838775 
KOR Uygur 0.133809 0.001603 83.467 204929 0.824301 
KOR Chukchi 0.132985 0.001579 84.22 202063 0.819198 
KOR Tlingit 0.128466 0.001544 83.225 205458 0.79121 
KOR Relli 0.124113 0.001665 74.534 202115 0.764251 
KOR Bengali 0.123123 0.001514 81.35 205579 0.758119 
KOR Madiga 0.122638 0.001609 76.212 202325 0.755116 
KOR Kapu 0.120908 0.001509 80.126 205559 0.744401 
KOR Mala 0.120762 0.001548 78.032 205244 0.743497 
KOR Irula 0.120616 0.001508 79.976 205248 0.742593 
KOR Burusho 0.120046 0.001583 75.818 202665 0.739063 
KOR Punjabi 0.119759 0.001492 80.253 208089 0.737285 
KOR Sinhalaese 0.118915 0.001576 75.442 202340 0.732058 
KOR Tamil 0.11804 0.001481 79.68 205846 0.726639 
KOR Brahmin 0.117923 0.001542 76.468 206021 0.725914 
KOR Kashmir 0.117523 0.001606 73.17 202820 0.723437 
KOR Gujarat 0.115603 0.001511 76.521 206084 0.711546 
KOR Kalash 0.114026 0.00148 77.021 206044 0.701779 
 
From the Devil’s Gate genome near North Korea, I observed these present-day populations are 
equivalent to the genetic relationship with Ban Chiang and Vat Komnou ancients who are ancestors of 
Austroasiatic speakers 79. In addition, I observed local genetic transitions from Oakaie (Late Neolithic 
and Bronze Age in Myanmar) and Nui Nap (Bronze Age in Vietnam) to EA populations. Several Esi 
and EAb populations, such as Korean, Japanese and several Chinese (Hezen, and She), and Russian 
(Ulchi) ethnic group, still had dominant genetic contributions from Devil’s Gate compared with Oakaie 
and Nui Nap ancients. This suggests that local genetic differences observed in present-day EAa/b 
populations (Fig. 38C) were influenced by a new genetic influx from the Bronze Age to Iron Age in 
Southeast Asia. I also observed D(Yoruba, Devil’s gate, baOku, present-day Esi or EAb) ∼0 (Fig. 44A) 
and D(Yoruba, baOku, Esi, EAb) ∼0. According to these statistics, the baOku genomes are equally 
closely related to present-day Esi and EAb populations, which is different from the dominant ancestry 
of the Esi populations in baKarasuk (Iron Age in Russia) and irAltai (Iron Age in Russia). Unlike the 
Devil’s Gate’s ancestry, the Neolithic Man Bac shares more derived alleles with most of the present-
day Esi and EAb populations than either the Bronze Age ancSEAs (Oakaie, Nui Nap, Ban Chiang) or 
ancCSs (baOku, baKarasuk, irAltai) (Fig. 44B). This suggests the Neolithic Man Bac is the basal 
ancestry for the present-day Esi and EAb populations. No genetic drift was observed from Neolithic Man 
Bac to Devil’s Gate ancient and present-day populations (Fig. 44B). I also analyzed genetic associations 
of ancCS to other ancients and present-day populations with a form of D(Yoruba, ancCS; ancient, 
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present-day populations) (Fig. 45). It inferred that present-day Esi and EA populations and ancSEA are 
equally related to ancCS by sharing similar levels of ancCS-derived alleles. It is an agreement with 
genetic admixture patterns of Asian ancestry in CS ancients93, 94. It supports genetic admixture between 
ancCS and present-day EA populations, however, it cannot explain how and how many events the 
ancCS influence toward EA occurred. I also observed the first evidence of the genetic divergence of Vat 
Komnou and several EAb (Southeast Asian and Southern China) populations from Man Bac (Fig. 44B). 
This supports the idea that these ancients are new genetic resources that genetically influenced EA (Fig. 
40A). I observed several possible ancient founders by D-statistics, however, it could not clearly resolve 
the current genetic makeup of Korean. To resolve the genetic relationship of the genetic makeup of 
Korean, I additionally analyzed the admixture pattern of the ancient/present-day Southeast Asians and 
Devil’s Gate ancients to Koreans with admixture f3 statistics (Table 5). Notably, the combinations of 
the Devil’s Gate genome and ancSEAs better represent the current Koreans than those of Devil’s Gate 
and modern Southeast Asians. Specifically, I observed the lowest admixture f3-statistics when source 1 
was Vat Komnou (Iron Age in Cambodia), followed by Nui Nap (Bronze Age in Vietnam). In a previous 
study, Nui Nap was a new genetic component close to present-day Vietnamese and Dai but not the 
ancestors of Austroasiatic speakers79. Meanwhile, next ancSEAs with lowest admixture f3-statistics 
were Ban Chiang and Man Bac who are also ancients of Austroasiatic speakers. In order to investigate 
whether the ancSEA genetic components migrated into Korea, I analyzed the Koreans’ genetic affinity 
with present-day populations by outgroup f3-statistics with a form of f3(Korean, present-day 
populations; Yoruba) (Fig. 44C and Table 4). It showed the group with the highest genetic affinity with 
the Koreans were the Japanese. The southern Chinese (Han, and She) had a higher genetic affinity with 
Koreans than the present-day Lau or Vietnamese, which is consistent with the admixture results (Fig. 
38C). This suggests that the genetic components of South Chinese were transferred into Korea after 
admixing with Vat Komnou and Nui Nap ancestries (Fig. 44C). These lines of evidence support the 
conclusion that populations who carried Devil’s Gate and Man Bac genomes admixed throughout the 
EAb and Esi regions until the Neolithic period, probably accompanied by the climate changes and 
barriers. After the Bronze Age, the admixed genetic ancestry of the Vat Komnou and Nui Nap migrated 







Table 5. Admixture f3 statisticsa 
Source1 Source2 Avg. f3 Min. f3 Max. f3 
Vat Komnou Devil’s gate2 -0.192366 -0.22219 -0.173976 
Nui_Nap Devil’s gate1 -0.13199 -0.13199 -0.13199 
Ban_Chiang_all Devil’s gate1 -0.127784 -0.127784 -0.127784 
Ban_Chiang Devil’s gate2 -0.118145 -0.118145 -0.118145 
Nui_Nap_all Devil’s gate1 -0.10339 -0.10339 -0.10339 
Man_Bac Devil’s gate2 -0.055678 -0.056621 -0.054339 
Atayal_EA Devil’s gate2 -0.038359 -0.04107 -0.035966 
Ami_EA Devil’s gate2 -0.0380293 -0.040296 -0.036663 
Lahu_EA Devil’s gate2 -0.036503 -0.039709 -0.034341 
Kinh_EA Devil’s gate2 -0.034616 -0.036383 -0.031549 
Thai_EA Devil’s gate2 -0.0334685 -0.035207 -0.03173 
Dai_EA Devil’s gate2 -0.032952 -0.033388 -0.032296 
Cambodian_EA Devil’s gate2 -0.032376 -0.032407 -0.032345 
Tujia_EA Devil’s gate2 -0.0314865 -0.032745 -0.030228 
Han_EA Devil’s gate2 -0.030894 -0.031301 -0.030493 
She_EA Devil’s gate2 -0.0303735 -0.031006 -0.029741 
Miao_EA Devil’s gate2 -0.03032 -0.03032 -0.03032 
Yi_EA Devil’s gate2 -0.030312 -0.030312 -0.030312 





Fig. 45. D-statistics with a form of D(Yoruba, ancCS; ancient, present-day) 
D(Yoruba, ancCS, ancient, present-day) test suggests ancCS genomes are genetically closer to present-
day Esi populations than European ancients. It also inferred that present-day Esi and EA populations and 
ancSEA are equally close to ancCS, relatively. I represented only the |Z-score| >3 for each D-statistics. 
The positive values represent genetic ancestry to present-day populations and the negative values 
represent genetic ancestry to ancients at the bottom.  
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3.3.4. Korean haplotype analysis reveals multiwaves of genetic components 
I analyzed haplotype distributions using WGS data of 88 unrelated Koreans generated from the 
KoVariome database15. Nonrecombining Y-chromosome analysis showed a significant proportion of the 
“O” haplogroup in 55 male Koreans, 29% “O2b” and 42% “O3” (Fig. 46A). The next most frequent Y-
chromosome haplogroup was “C” (18%). The Y-chromosome haplogroup distribution agreed with well-
established Y-chromosome haplogroup “O” expansion and colonization within the Korean Peninsula72 . 
A comparison with the global Y-chromosome haplogroup distribution suggested that haplotype “C” is 
widespread in Siberia, whereas “O” haplogroups show a spatial distribution in Southeast Asia95, 96. This 
strongly suggests a dual origin for Korean males. In contrast to the Y-chromosome distribution, mtDNA 
haplotypes reflect a more complex genetic history (Fig. 46B). The most frequent mtDNA haplotype was 
“D” (34%) and ten additional mtDNA haplogroups (“M,” “B,” “N,” “G,” “F,” “R,” “A,” “C,” “Y,” and 
“Z”) were identified with frequencies ranging from 23% to 2%. I constructed an mtDNA tree combining 
11 ancients, and 99 present-day EAa/b and Siberian (Esi and Wsi) mtDNAs (Fig. 46C). Similar to the 
global human-mtDNA phylogeny, the mtDNA tree shows two major clades, M′ and R′, dominantly 
distributed in EA populations97. It also shows two mtDNA dispersions ∼40 and 20 ka, which account 
for 62% and 38% of the present-day Koreans, respectively. The earlier dispersed mtDNAs included 
“N/Y/A,” “D,” and “B/R” which were distributed to 16%, 34%, and 12% of Koreans, respectively. The 
mtDNA haplotypes of the “N/Y/A” and “D” were clades co-clustered with present-day Siberians as 
well as the Devil’s Gate ancients, representing Eurasian ancestry. The “A” haplogroup was also 
frequently observed in the early and middle Bronze Age Okunevo peoples79, who were culturally 
associated with baKarasuk 79. I also identified ancient mtDNA “R′” divergent into “B/R,” accounting 
for 12% of Koreans, that also expanded ∼40 ka. The root of this clade was Tianyuan, and also co-
clustered with Vat Komnou ancients and present-day Chinese, representing EA ancestry. This could 
explain the genetic influence of the Tianyuan on Korean genomes via ancSEA. These old mtDNA waves 
accounted for human migration in the late Pleistocene when the Yellow sea of Korea was land, therefore, 
the west coast of Korea was connected to the mainland of China. The later dispersed mtDNA 
haplogroups consisted of “G/C/Z,” “M,” and “F” which account for 19%, 12%, and 7% of Koreans, 
respectively. The “G/C/Z” clades co-clustered with Siberians and Bronze Age Nui Nap in Vietnam. 
However, the genetic origin of the Nui Nap is still unknown. On the other hand, the mtDNA haplogroup 
“C” is frequently observed from the early and middle Bronze Age Okunevo peoples who lived in central 
steppe regions79. The mtDNA topology and haplotype frequency in Okunevo imply a genetic association 
between Nui Nap and central steppe ancients. Both of the “M” and “F” clades showed subsequent 
diversification from ancient mtDNA haplogroups of ancM (M′) ∼20 ka and ancR (R′) divergent in 60 
ka, respectively. These clades explain southern waves of human migration by co-clustering with EAb 
populations. In particular, two ancients of Austroasiatic speakers, Man Bac and Ban Chiang, co-
clustered in the mtDNA “M” lineage (Fig. 46C). It suggests that a subsequent expansion of this clade 
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can be associated with the expansion of the Austroasiatic speaking population79. Haplotype analysis and 




Fig. 46 Haplotype distribution in the Korean population 
(A) Y-chromosome haplotypes from 55 male Koreans, (B) mtDNA haplotypes in 88 Koreans, (C) A 
phylogenetic tree of mtDNA haplotypes constructed using the neighbor-joining method with 
bootstrap=1,000. I give the dominant mtDNA haplogroup clusters on the right of the tree. The ancient 
haplogroup is represented by M’ and R’. Abbreviations: P: Pleistocene, and H: Holocene. 
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3.3.5. Admixture time estimation for Koreans 
I estimated the admixture time of Koreans using 286,222 SNPs and obtained significant prediction 
results from only three populations as references; Yakut, Han, and Japanese (Table 6).  







Admixture Time a 
Z-score P-value 
Generation Years 
Esi Yakut 20 
189.05 
(65.86 – 312.24) 
5,482 
(1910 – 9055) 
3.01 1.310-3 
EAb Han 33 
123.56 
(72.05 – 175.07) 
3,583 
(2089 – 5077) 
3.85 5.910-5 
EAb Japanese 29 
97.47 
(34.60 – 160.35) 
2,827 
(1003 – 4650) 
3.71 1.010-4 
aThe admixture time is shown in generations before the present. The number in the parentheses indicates 95% confidence 
interval of the generation and years. 
The estimated admixture time was 5,482, 3,583, and 2,827 YA when I used the Koreans itself as one 
reference and Yakut, Han, and Japanese as the other comparison reference population, respectively. The 
estimated admixture time with Japanese (97 generations away from the Japanese) is slightly earlier than 
the admixture date of the mainland Japanese (52 generations) estimated by Takeuchi et al.74. I 
summarized the model of the genetic influence by pre-Neolithic Tianyuan to Iron Age Vat Komnou on 
Koreans in Fig. 47. This model supported the above gene flows well, suggesting Koreans contain 
prehistoric genetic components derived from Devil’s Gate and Man Bac groups both of whom are 
divergent from Tianyuan ancestry. The Neolithic Man Bac genome dominantly inherited the genetic 
components of Tianyuan and showed its genetic components widely distributed in EA. However, the 
Bronze and Iron Age ancients, such as Oakaie, Nui Nap, and Vat Komnou, seem to have much altered 
genetic components of EAb genomes (70%). This is consistent with the EAb ancestry frequency in 
contemporary Koreans. This model generally describes well the gene flow among the three Northeast 




I analyzed the haplotype distributions of 88 Koreans compared with ancient and modern whole genomes 
and suggested two major haplotype expansion events. A comprehensive genome comparison confirmed 
that Koreans possess dual ancestral genetic components originating broadly from East Siberia (Esi) and 
East Asia (EAb). Ancient genome comparisons revealed that the genetic makeup of Koreans can be best 
described as an admixture of the Neolithic Devil’s Gate genome in Russia and the Iron Age Vat Komnou 
in Southeast Asia. The analyses of ancient and present-day populations suggest a long and gradual 
admixture model of two Neolithic founders, the Devil’s Gate founder in Russia and the founder from 
Tianyuan Cave in China. These two major components were admixing throughout East Siberia and East 
Asia for an extended time up until the Neolithic period. Subpopulations of current East Asians, as well 
as modern Koreans, were probably established by a later regional genetic transition during the Bronze 
Age. The peopling of Korea is most likely a part of large population expansion and the subsequent 
admixture events which occurred in East Asia, rather than a unique isolated event or migration. I think 
that this kind of recent rapid expansion and admixture could be general models for other East Asian and 
Southeast Asian populations in which Bronze and Iron Age populations expanded and admixed with 
other peripheral region populations. 
 
Fig. 47 Admixture tree model depicting the historical genetic makeup of Korean 
A qpgraph 88 fitted on an admixture model depicting the historical genetic makeup of Koreans and other 
Asians. I fitted the admixture tree model with ancient genomes associated with EAb populations to make 
a model that could best explain the gene flow that makes up Koreans and hence the admixture model 
information for Esi ancestry has been simplified. Based on the D- and f3 statistics and previous reports 
79, I set the skeletal tree (Fig. 48A) and extended the model by adding ancient and present-day 
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individuals (Fig. 48). The average admixture time of Koreans is noted next to the red circle which was 
estimated by ALDER (Table 6). Black circles represent ghost genomes in ancestral genetic lineages 
lacking any evidence for a time calibration and new groups may be added when more ancient 
populations are found and sequenced. Black lines represent the gene flow and dotted lines represent 
admixture events with the marked proportions estimated by qpgraph analysis. 
 
Fig. 48. Four tested admixture tree models by qpgraph. 
(A) Admixture tree model skeleton adapted by previous reports 79 (worst-fitting Z=0.044). (B) 
Admixture tree model after adding Kinh from the first model (worst-fitting Z=-3.887). (C) after adding 
Far East samples (Devil’s gate, Ulchi, Koryak, Mixe, and MA1) (worst-fitting Z=3.317). (D) Final 
admixture tree model by adding the Korean, Han, and Japanese populations (worst-fitting Z=-3.686)  
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Ⅳ. Chapter 3. Korean Genome Project portal 
4.1. Introduction 
Genome data is one of the largest bigdata that includes various biological information. High-throughput 
sequencing technology has generated a massive amount of sequencing data from various organisms on 
Earth. Storing and distributing these huge data to the public can elevate the synergetic effect of inter- 
or intraspecies comparative genomics. The National Center for Biotechnology Information (NCBI) is a 
major resource for sharing and distributing genome sequences and additional information98. The 
University of California Santa Cruz (UCSC) genome browser is a handy web application for visualizing 
and analyzing genomic resources, especially while searching for various genomic annotations on target 
regions via a web browser99. The Ensembl genome browser provides access to information on the 
reference genome sequences and genomic annotations of many vertebrates100. It also supports studies 
in comparative genomics, evolution, variations, and transcriptional regulation by providing gene 
annotation, computed multiple sequence alignment, etc. 
Specifically, with respect to human population genomics, the Exome Aggregation Consortium (ExAC) 
browser presents qualitative and quantitative information of the genes and variants in the ExAC 
dataset101. This browser now supports the gnomAD dataset, which covers wider genomic regions and 
more genomes from across the world. Recently, the PGG.SNV database was developed which presents 
265 million SNVs collected from 220,147 present-day genome and 1,018 ancient genomes across 977 
global populations102. PGG.SNV provides information on worldwide distribution, natural selection 
pressure, and genomic diversity, which can be beneficial resources for human population comparative 
genomic studies. For Korean genomes, the Korean National Institute of Health has developed the 
Korean Reference Genome Database (KRGDB) browser103. Although the KRGDB is a large-scale 
variant database of 1,722 Koreans, I was unable to access the information since the browser link 
provided in the paper was not working at the time of writing this dissertation. 
This chapter presents the Korean Genome Project Portal (KGPP), which provides the variants and 
phenotype-association information via a web application. The KGPP includes a search engine for 
finding the variants and their annotations on a target gene. It also provides the associated traits and 
statistical association metrics of each variant. The chapter also presents an open API system, developed 
by me, that shares the allele frequencies and associations data freely via a URL and enhances the 




4.2.1. Data sources 
The Korea1K variome was used for the KGPP. As described in the Korea1K paper, variants were 
annotated using the VEP ver. 9533. I used the genome-wide association study (GWAS) results of 
Korea1K to show the identified associations with phenotypes of each variant. The KGPP currently 
contains information on 41,977,415 variants information, and 2,547 associations with quantitative traits. 
4.2.2. Design of the Korean Genome Project portal 
To enable effective access to the Korea1K variome efficiently through a web application, I developed 
the Korean Genome Project Portal (KGPP), which consists of three major parts: the client-side, the 
server-side API, and the database management system (Fig. 49). 
Client-side 
The ReactJS provides a client-side web page that renders images on the user’s browser (Fig. 49A). The 
Bootstrap4 framework was used to make a responsive HTML backbone. PlotlyJS was used to visualize 
the allele frequency distributions as a responsive plot. 
Server-side API and database management system 
The Go programming language and the ECHO framework provides the Korea1K data in the NoSQL 
DB to the client-side web page in the JavaScript Object Natation (JSON) format through the API (Fig. 
49B). The information on the 41,977,415 variants information and the 2,547 associations with 
quantitative traits was stored in three collections in the MongoDB NoSQL database (Fig. 49C). 
Optimization 
I optimized the database by indexing the MongoDB collection “variants” by variant ID and gene symbol, 
thereby allowing me to search for the variants of a specific target gene from 41 million variants. 
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Fig. 49 Architecture of the Korean Genome Project portal. A) Client-side developed by ReactJS 
v16.13.1. B) Server-side API developed using the Go programming language and the ECHO web 
framework. C) NoSQL management system by MongoDB and database schema. 
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4.3. The Korean Genome Project Portal  
The KGPP has three main web pages differentiated by the visualization function. The homepage of the 
KGPP has a search engine that enables search by a gene symbol (Fig. 50). The web page for each gene 
shows the allele frequency distribution on the gene, with different colored bars representing the variant 
functional classification, and a list of the variants with links to the corresponding variant pages (Fig. 
52). The variant pages include variant annotation information (e.g., genomic position, allele frequency, 
and functional classification) and associated clinical traits from the Korea1K study (Fig, 53). 
 
Fig. 50 Homepage of the Korean Genome Project portal. 
 
4.3.1. The Korean Genome Project portal API 
I developed an API for retrieving the Korea1K data stored in the database and for sharing it with the 
client-side web application of the KGPP (“api.genomeportal.org”). The API has three major routes, each 
of which returns the array of variant, gene, or phenotype-association information in JSON format (Fig. 
51). As a result of indexing the database with variant IDs and gene symbols, the time taken in searching 
by variants or gene has been dramatically decreased. 
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Fig. 51 Sample result of an API request. A list of LPA gene variants is returned as an array of 
JavaScript objects in the JSON format. 
 
4.3.2. Gene page 
The KGPP gene page shows the list of variants for a target gene. The page starts with the metadata of 
the gene and the count of variants based on the functional location of the variant. Along with the basic 
information about the gene and its variant count, the page shows the allele frequency distribution across 
the genomics position (Fig. 52). The functional location of the variants is represented by a different 
color. The allele frequency distribution plot can be zoomed in and out of or saved as an image file. 
Below the plot is a table containing along with their page numbers, a list of the variants in the Korea1K 
database with the variant ID, genomic position, dbSNP rsID, and allele frequency. Users can filter the 
variants using the multiple filtering options. The first column of the table contains links to the 
corresponding variant pages. 
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Fig. 52 Sample gene page of the Korean Genome Project portal. Information on allele frequency 
distribution across the LPA gene and the list of variants found in LPA is retrieved from the Korea1K 
variome. 
 
4.3.3. Variant page 
The KGPP variant page shows detailed information on the variants in the Korea1K. The page first 
displays metadata of the variant, for example, genomic position, allele count, and frequency. If the 
variant has been reported in the dbSNP, a direct link to the corresponding dbSNP web page is provided 
on the right-hand side of the page. Below the variant information, the page shows annotations of the 
variants along with their gene symbols. If the variant is located on multiple genes, the variant page 




Fig. 53 Sample variant page of the Korean Genome Project portal. Information of a variant on LPA 




This chapter introduces the Korean Genome Project portal, which was developed to share information 
on allele frequency and GWAS variants from the Korea1K database, with the public through a web 
application as efficiently as possible. An open API system was also designed to enable researchers to 
search the database for desired data easily via a simple URL and web communication. Though this 
portal acts as an efficient searching and visualization system, there is a lot of room for improvement. 
First, the search engine currently on supports gene symbols, and optimization of the database indexing 
and search engine are needed to execute a search by variants or by other keywords. Second, there is a 
lack of information on allele frequencies in different ethnic groups, and public databases like the GWAS 
catalog in the KGPP. This additional information can act as informative resources for comparative 
analyses and evolutionary studies. Finally, sharing the individual data, including information on 
sequencing read mapping status and individual genotypes, is nearly impossible due to Korean laws and 
regulations. Freely available individual genotypes and matching clinical information should be made 
widely available as reference data for use in imputation and GWAS, and for the development of a 
platforms for personalized medicine. Nevertheless, the concept behind this genome portal system can 
be extrapolated for use as a personalized portal system that provides personal genome and variome 
annotations, including those from the Korea1K variome. The portal can be used to provide users with 
personalized risk information or genomic feature predictions based on the genome sequences that they 
upload in the portal. This information may enable people to adjust their lifestyles which can help to 
prevent or delay disease occurrence.  
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Ⅴ. Conclusion 
In this dissertation, I firstly presented, as the large-scale Korean population genome data, a 
comprehensive WGS analysis of 1,094 Koreans (Korea1K). Korea1K showed that the Korean 
population is genetically homogeneous compared with other human populations. Using the whole-
genome level of variome and matched information of 79 quantitative clinical traits, I found nine GWAS 
index variants that have not been previously reported, though their clumped loci have. This suggests 
that a large-scale variome from WGS can, in fact, identify more significantly associated loci with the 
traits, by covering wider genomic positions for the target loci in GWAS. 
Korea1K also showed that a large-scale single population variome can increase the power of genotype 
imputation to be used as a reference panel. However, despite the large amount of population genomic 
data available, I was unable to use CNV and TE analyses using short-read sequencing to fully identify 
unique or Korean-specific genomic features in terms of phenotype association or genomic selection. 
This is a possible limitation of the short-read sequencing. Personal de novo genome assemblies (PRG: 
Personal Reference Genomes), using a combination of long-read sequencing technology and other 
genome sequencing technologies like Hi-C, may be able to identify the structural variations covering 
longer variants with higher accuracy, since the assemblies have longer sequence contiguity. 
Another application of the population-scale Korean WGS is in investigating the origin of Koreans. Due 
to recent advancement in the paleogenomics, I was able to collect many ancient and modern human 
variome resources and build a model of the admixture of East Asians and the genetic origin of Koreans. 
The model suggests that the admixture events initially occurred mainly outside the Korean peninsula 
and continuous spread and localization in Korea, which is consistent with the general admixture trend 
of the East Asian region in the Bronze-Iron age. However, the dataset still does not include ancient 
genomes from the Korean peninsula. If multiple time points of ancient genomes inside the Korean 
peninsula become available, this constructed model can have a higher and more accurate resolution and 
even provide a detailed inter-country model among Chinese, Japanese, and Koreans. 
The Korean Genome Project portal that I have presented in this dissertation provides Korea1K variant 
and phenotype-associated information via a public web application. This portal can be used for many 
future clinical (especially, relating to rare diseases) and population studies by providing the allele 
frequencies of the variants identified. The Korean Genome Project portal may be extended to a personal 
genome portal as a Korean personal genome browser. With additional variant annotation and related 
phenotypic information, the portal system will be able to provide personalized genomic profiles and 
many predictions about personal genomes. Overall, I presented the Korean genome analysis in the 
context of the Korean Genome Project (KGP), and its application in genomics, clinical practice, and 
population history.  
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